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GENERAL INTRODIIOTTON TO 


During the past few years the civilised world lias L|gun to realise th 
advantages accruing ^ scientific rescarcli, with the result that an evei 
increasing amount ortime and thou^t is being devoted to various branthe 
of science. **. 

No study has progressed more rapidly# than chemistry. This scienc 
may bo divided roughly into several branches: namely, Organic, Physical 
•luorgamc, and Analytical Ciiemistry. It is impossible to write any singl 
texl#bo^ which shall contain within its two covers a thorough treatment o 
an^ one of tliese branches, owing to the vast amount of information that ha 
been accuijgilated. Tiie need is rather for a series of text-books dealing mor* 
ar less comprehensively with each brancli of chemistry. This hcas ahead; 
been attempted by enterprising firms, so far as physical and analytica 
chemistry are concerned; and tlie present series is designed to meet thi 
needs of inorganic chemists. One great advantage of this procedure lies ii 
the fact that our knowledge of tlio different sections of science docs noi 
progress at the same rate. Conscquentily, as soon as^y particular pari 
advances oiit'of proportion to others, the volume d^vling with that sectior 
may be easily revised or rewritten as occasion re^juinf. 

Some method of classifying the clcTnenU forvfcriitincnt in this way 
clearly,|sseiitial, and we have adopted thf« Periodic Oassilicatitf^ with slight 
alterations, devoting a wl\olo volume to the consideratioii^o.'^ the elements in 
each vertical column, as will be evident from a "-Innf/' 
fFrontispiece. 

In tRo first vuiume, m aaniiion to a detailed acconn^(^ll#VIie Eteraents 
of Group 0, the general principles of Inorganic Clmmistry are disbussed. 
Particular pains have been taken in the selection of material for this volume, 
and an attempt has been made to present to the reader ^ Jlcar account 
the principles upon which our knowledge of modern Inorganic Chemistry 
is based. , ' 

.^^t the outsetJtjmay be well to explam that it was not intended to write 
a gompleto text-book of Physical Chemistry. Numerous excellent works 
haweAlready bewi de'aoted^to this |ubjoct, apj. a vohmio on such lines would 
• scarcely serve as a suitabft introduction to this series. Whilst'Pll^sicai 
Chemistry deals witli, the general principles applied to all branches of 
^theoretjpal chemistry, our aim has been To emphasise their ajtplicatioB to 
tnorganic Chemistry, with which branch of the subject this series of text¬ 
books is c^vclusively concerned. this end practically al? JJie fllustftfctiois 
t?tho laws •and principles discussed in Volume I. dealewith inorganic 
substances. • % * * % > _ 

^ Again, there are many, subjects, such as the methods employed .id the 
accurate determination of litomic weights, which'rfre nnf 

▼Ii 
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.as forming part of Physical Chemistry. * Yet these are atibjecfjs siifreme 
irapoftanco to the atudont of Inorganic Chemistry, and are accordingly 
included ciri the Introduction, ^ 

Ifydrogen and the ammonium salts arc dealt with in Volume IT., along 
with tho Elements of Group 1. The position of the rare earth metals in the 
Periodic Classificatioiv has for ma^iy yeaft bcon^a source of difficulty. Tlicy 
ha<:o all been inchidod in Volume IV., along witii the Elements of Group Ill., 
os this »vu8 found to be the most suitable place for them. 

Many alloys and cdmpouiids have an equal claim to be considered <in two 
or more volumes of this scries, but this would entail unnecessary duplication. 
For example, aC’oys of copper ahd tin might be dealt in Volumes II. and 
V. respectively. Siniilarly, certain double salts — such,for sample, as ferrous 
ammonium sulphate-might very logically bo includ^d^ in Volume II. under 
ammonium, and in Volume IX. luider iron. As a general rule this difficulty 
has been overcome by treating comnlex substances, eonlaining two or more 
metals or bases, in tliat volume dealing witli the metal or base which belongs 
to the highest group of the I’eriodic Table. For example, the alloys of copper 
and tin are detailed in Volume V. along with tin, since copper occur^^earlier,* 
namely in Volume II. Similarly, ferrous ammonium sulphate is discusswi in 
Volume IX. under iron, ami not under ainmouium in Volume II. The ferro- 
cyanides are likewise dealt w'th in Volume L\. 

But even with this arrangement it lias not always been found easy to 
adopt a perfectly logical line of treatment. For example, m the chromates 
and permanganates the chromium and manganese' function as part of tho 
acid radicles and are analogous to su![>hur and chlorine in sulphates and 
perchlorates ; so that they should be treated in the volume dealing with tlie 
metal acting a.s ba namely, in tl o ease of potassium permanganate, under 
potassium iu Volume IT. Hut the alkali ■ permatigaiiates possess such close 
analogies with one anot| icr that separate treatment of thes(‘ salts hardly seems 
desirable. They are tj^er fore ponsiuorod in Volume VIII. 

Numero^io other li(tle irregular ties of a like nature occur, but ithoped 
that, by means carefully compiled ind('xos and frequent cross referencing 
m the teits of the separate volumes, the student will ex;[^erience no difficulty 
in finding the information he ye<piires. ' « 

Pafticufal,'^an^ has been taken with tho sections dealing with tlie atomic 
weights of tho elements in que.stion. The figures given are not necessarily 
those to be found in the original memoirs, but have been recalculated, except 
vthoro otherwisu seated, using tho following fundamental values:— 

. Hydrogen = T00762. Oxygen = lb (JOO. 

Sodium = *22'fi9b. ^ Sidpluir 32 ()b5. 

I’otassiiim = 39'100. Fluorine ^ HK) 15^ 

Silver —107H80. Chlorine^ 35-457. 

(Jarbon 12 0<;3. ^ Broylfnc^ 70f^lb. 

iS^'rtrogcn - 14-008. loditie = 126*920. 

By adopting this method it is easy to compare directly tho results oj earlier 
investigators with those of more recent date, and moreover it renders the 
^ta. Vor tfiio difllerent elements strictly Icomparablo throughout .the who^e 
series. ' t * c ^ 

Our aim |;as‘notH^'-ou^to make the volumes absolutely exhaustive, as 
this would render Ihem unnecessarily bulky aiyl expensive; rather has ^t 
been to corltVibute concist and suggestive accOiuuts of the various topics, 



GENERAL INTROT)UCTION«TO THE IerIES. 


\x 

and t» jTpff ni# numerous references to the leading works and memoirs dealings 
with the same. Every effort* ligs J^d made to render those references 
accurate and reliable, a^d it is hopc(^tT|^.t they will prove a useful feature 
of the series. The more important abbreviations, which are substafiAially 
the same as those adopted by the Cheinical Society, are d<)tailod in the 
subjoined list. • 

In order that the series siian attain the maxiiauin utility, it is nocesaftry 
to arrange for a certain amount of uniformity throiigliout, and this fnvolves 
the suppression of the personality of the indiyidiial aiiflior to a corresponding , 
extent for ^ho sake of the common welfare. is at once duty and my 
pleasure to express sincere appreeiation of the kind anci^ready inani^r 
in which the ati^iors have aecomiuodated tliemselves ^ this task, wliich, 
without tlioir hearty cooperation, eouhl never ii.ive been siieceNsful. k'niully, 

I wish to acknowledge tiiu unfailing eomlesy of tlie publishers, Messrs 
Charles Griiriu & Co., who have done everything in their power to render tho 
work straightforward and easy. 


^plcmber lOlC. 


J. NEWTON FlUEND. 



AUJi; TU THiJ' SECOND EDITION 
OF VOLUME I. 

PARTS I. AND II. 


iio vtiij twO years have elapsed since the first edition of this volume receivea 
pu^blication, and as, moreover,^ diirin;' this period ftnestigatrohs in pure 
science have been greatly retarded by tlie war, it was felt to be neither 
necessary nor desirable to institute any fmulainentah {;haiige in this second 
edit^ion. The Authors have therefore in the main confined their altera¬ 
tions to-^ rt ^ 

1. Correction of such verbal or other mistakes in the first edition as 

ehave been brought to tJieir notice. , ■ 

2. Revision and addition of such pliysical and other data as seamed 
desirable in view of the latosf publislicd researelirs. 

3. Addition of references to the most recent literature dealing with the 
various subjects under discussion. 

4. Re-writing the section on Valency in considerably greater detail. 

In conclusion, the Authors desire to thank tlicir readers for the kind 
reception accorded^.t ;0 tlie first editi^ui of this volume. 


■j. N. F. 

H. F. V. L. 
W. E. S. T. 
H. VfA.B. 

1916/''. 


PREFACE TO ^I'HE THIRD EDITION 
OF VOLUME I 

( 

PAitxs 1. A:Nr) II. 

In view of tlie fact iJnat veryA^few iuvcsvigahoj^s^iii pure stieucc liave bSen^ 
^Cirriod out since tlie second edition of this volume was issued, it has been 
judged desiVahle to publi.sh this thiid cilitioii without making uny al^ratioii^'* 
in the text. 

d. N. F. 

'H. F. V. 1;. 
w. e: s. t. 

H. V. A. B 


June 1, 1*91? 



PKEFACE TO PART 1. 

(FIKST EDITION). . 


The preparation of lais introductory Tart has proved to bo al^ask of pecnyar 
difficulty. At th^ outset we would cnipiinsise the fact tjat our aim has not 
been to write a cfniplcto text-book of J^liysical Cheiuistry. Numerous 
excellent works have already been dex^oted to this subject, and we felt tliat a 
volume on such lines would scarcely as a suitable introduction to this 
series. Whilst Physical Chemistry deals wirti the general principles applied 
to all branches of theoretical chemistry, wo have been desirous of emphasising 
their ajbplication to Inorganic Chemistry, with which branch of the subject 
Ihiifserjos of textbooks is exclusively concerned. To this end practically all 
tl^ illustrations to tho laws and principles discussed deal with inorganic 
s^bstanceJ^ • 

Again, there are many subjects, such as the methods employed in the 
accurate determination of atomic weights, which are not generally regarded 
as forming part of Physical Clicmistry. Yet these are subjects of supreme 
importance to tho student of Inorganic Chemistry, and are accordingly 
included in this Introduction. , 

Wo have attempted in the opening ^chapter to pr<^i?nt to tho reader 
concise account of tho Fundanic^lital Laws upon whmli the modern study of 
Inorganic Chemistry rests, rind to show how they ®avc Jiecn confirmed by 
modern experimental research. In the Two »ucccc4iKg chapters tho general 
Propei^ics of Elements and Compounds*arc disciissen, whilst♦^lapter IV. is 
devoted to the stud^ of the various mcthotls of determining Molecular AVeighta 
and the discussion of the values sometimes obtained. Chemical Cfiango and 
*the Properties of i?cida, flasos, and Salts form*the«irf)J’ectmatter of Chapters 
V. and VI. 

Tho determination of the Atomic nnd R<puvalcut or Combining Weflghts of 
the Elements is dealt with in Cliapter VII. Several pages are here devoted to 
a discussion of the best of carrying out the neces.s!ir^^ieinical prooeases 
Involved, and attention is drawn to the numerous experimental errors that^ 
must be guarded agfpinst if results of thp highest accuracy are to %0 obtaIne4. 
By*way of itlusk’ation, a full account is given of the methods employed by 
BIcliafds and his collaborators in determining tho atomic weight of lithium, 
'by precipitatioti of Tho ehloridotwith silvt^ nitrate# As a second example 
we have chosen Guye’s robearchos on the atomic weight oftnitrogen^ as it 
involves the detormi»ation of tlie densities of lugbly purified gases. ^ 
t These descriptions will, we enable tho student to r<^lise to what 
a high degree of accuracy it is possible to attain in modern chemical and 
^ibysioal -research. 

A short Account of Sorie.s Lines in ypcctra, the Zieeraan EJ^ect, and the con¬ 
nection between Spectra and Atomic Weights isials# Tnchjlcdiin Chapter VII. 
/jack of space has prevepted us from dealing^ with the general .subject of 
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Spectroscopf in this volume in Chapter ^I., but an account of lb?orptitin and 
Phosphorescence Spectra will, be found in Volume IV. of this series, in con¬ 
nection with the Rare Earths. ^ , , 

"I'he final chapter is devoted to the Classification of the Elements and a 
consideration pf their Valency. 

, It seems impossible to find t perfectly los;ical order of sequence for such 
a indo range of subjects, and some of our readers may think that the material 
mi^it have been more suitably arranged. In reply we can only say that the 
present scheme was decided upon after very careful consideration of the whole 
problem, and although we rcalijio its imperfections, we^ believe it to bo on the 
whole a fairlya satisfactory one. Since, moreover, the book is addressed to 
students who already possess an elementary knowledge ,of chemistry and 
physics, the occasional departures from logical oidcv sjliould not create any 
difSculties. By means of the full index and frequent cross-referencing in 
the text, the student should oxporienpo no difficulty in finding the information 
he requires. < 

A considerable amount of entirely now material has been introduced into 
the different chapters, and is hero presented and discussed, wo believj;.’for the 
first time in book form. *■ 

In an attempt to cover so wide a field in the space afforded by some 3P0 
pages, it is obviously impossible to deal I'xhaustively with tho wI.ole of the 
subjects. Our aim, therefore, has been to contribute concise and suggestive 
accounts of the various topics, and to append numerous references to the lead¬ 
ing works and memoirs dealing with tlie s.ame. Every effort has been made 
to render these rcferenccsVccurate and reliable, and it is hoped lliat they will 
prove a useful feature of the work. The abbreviations are substantially the 
same as those adopit^d by tho Chcnfical Soeioty. 

The various sources from which vve iiavo culled information are, we 
believe, fully ackijowlct^:ed in the text, but we take this opportunity of ex¬ 
pressing our indebtediius’. to the fleological Department of tho Imperial 
College of Silence auc/ Technology for the drawings ii[)on which most'of our 
crystallogr.aphy diagrams are based, and to Mr Eric Sinkinson, of the Imperial 
Cellcge of Science and Technology, for executing several of the oilier diagrams. 

J. NEWTON FRIEND. 

H. F. V. UTTLK. 

VV. E. a TURNER. 


August 1014. 



PllEFAdI'] 1’() lAMlT ‘ll. 

(I-'IUK'I' KDITJC^N) 

In the Kecond part tli# Author has endeavoured to present a full and clear 
account of the present state of our kno\vlcd;'e of the inert gases of the atfiio* 
sphere, and es])ecially of thoftc points wlneii arc Of intorcrtl to ehoniists. 

Hitherto tluMnost couiplcte account in l‘?liglish of those gases lias been 
given by llamsay in The (Jase^ of the Atniny^herey and by 'fravers in The 
and the Aulhor would hero like to express his indebtedness' 

to tllbse works. 

^The present work differs materially in several ways from its predecessors 
(c.y. in dealing in detail with the ovicleiua^ for mu? against the common belief 
in the inertness of the eJemonts of (Ironp 0), and it l\as been the aim through¬ 
out to draw a clear line of demarcation between what is deliiiitely known 
concerning the inert gases and whakis uncortain or speculative. 

Particular caro has been taken to fiirnisli numerous and accurate 
references to the leading literature on tiie subject, so that readers wishing 
to study any of the sections in further detail m<i.y be abli^o do so with the 
minimum of trouble. 

In conclusion, the Aiitlioi vmmm's lo t^iuhk iir j. RewtoR Friend and Mr 
H. F. V. Little, IS.Sc., for their kindly ci'iticij?ni of and to acknow¬ 

ledge tint assistance of those gentlonien an?l of Miss 11. K. Stevmson, B.Sc., 
and Mr W. Jevons, JJ.Sc, in corrocling the proofu.^ • ^ 

Tho plate of spectra has been reproduced from photographs taken in the 
ftstrophy^ioal LaboiTitory of the Iloyal (.'oliegt* of Science^ A^itlior's 

thanks are due to Professor A. Fowler, F.ibS., for kind asUistaneo ,in its 
preparation, 

H. V, A. BRISCOE. 


Aug^nst 1914. 
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.BSORWION of gases, 109. 
coefficient, 99, 100. 
kCetic acid, ionisation of, 223. 
m^ecular dejnession of 2o9. 
icid salts, 196. 

.cidic oxides, 197. 

•cids, 191, 192, 194-, 195-197. 
basicity of,^96. 
dissociation of, 219. 
hydrogen theory of, 194. 
oxygen theory of, 192. 
polybasic, 194. • 

relative strengths of, 221 , 226. 

.dsorption, 84, 107, J09, 13f. 

ffinity, chemical, 161-169 

ii’, coefficient of expansion of, 28. 

deviation of, from Boyle’s 30. 

fixed, 192. a> 

mean composition of, 102 ? 4 , • 

solubility of, in water, l(y, 102 . 

Ibite, 77. 

Icosol, 78. * 

Ikali, 191,199. • *. 

rustic, 191, 
mil^ 191. 
llotropes, 65’' 

Ilotropy, 8 , 64, 65. 
dynamic, 67. 

Iteniating symmetry, 54. 
lum, effect of prjssure cm solubility of, 107. 
iilUninium, atomic heat of, 88 , 90, 92. 
atomic weight of, 25, 88 . 
boiling-point of, 37. 
melting-point of, 4.5. 
s^ific hi^tof, 88 , 90. 
liftniniunlt chloride, vapour density of, 141, 
• 142. • • • 

mnfenia, critical constants of,*131. 
determiiation of density of, 2 ^.* 
deviation of^j>om B 6 yie’s law, gO. 
physical data fo]^ 242. • 

prepajaUon of, 2 W. * * • • 

acdubility of, 160. 

arohimetric analysis of? 259. ' * 

r^ults of, 262. J ^ ^ 

mmonium'itthkride, aryonytiric point df, 
115... 7 $ 

effect of p^ure op solubility of, 107. 


# ■) 
Ammonium hydroxide, ionisation of^ 228. 
iodide, cryoliydiic point of, 115. 
nitiatc, solubility of^ 104. 
tetraiiiorplioiis, 66, 
transition points of, 66, 69. * 
Amorphous siib'.tances, 47. 

Amphoteric oxidi's, 198, 227. 

Anhydrides, 197. 

mixed, 198. • 

Anion, 202. 

Anuerodite, 303. 

Anode, 202. 

Aiiorthitc, 77. 

Antimony, atomic heat ofi|88. 
atomic weight of, 25, 88. • 

boiliiig-])oint of, 37. 

freezing-point curve of bismntli alloys o^', 
119. 

nieiting-point of, 45. • 

spc-ciHc heat of, 88. 
valency of, 285. * 

^ Antimony iodide, transition jioint of, 66. 
taa-chloride, association of, 152. 

Apatite crystal, 48, 

^JVrgdii, a polymer of nitrogen, 298, 
absorptionaof, by chaicoal, 108. 
an allotrone, 500. 

atomic weigliT of, 25, 274, 294,^44. 
'boiling-point of, 37, 294 
chemioal inettmfts of, 341. 
critical (instants 294, 841. 
density of, 294, 336. 
detection of, 344, • 

dielectric cohesion of, 339. 

Doppler effect in, 340.* • 

history df, 330. • 

isolation of; 333. 
liquefaction of, 340. * 

jndting-puiat of, 44, 294. 
mmeemaj^weight of, 294, 887. 
o8curreifce of, 3:U. • 

percentage of, in air,^31. 

i ieriodic table and, 274. 
diosphoretceeit effects, fill. 
IhyfcicaUinipcrties of, 3^6-340. 
refractivity oL294, 338. *• 

solubility of, foo, 294, 837. 
specilic heat 340. • T 
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Argon, t«fele of ^operties of, 204. 

■ thornl.vl conductivity of, 294. 840. 
viscosity %f,^94, 337. ^ 

Arsenic, atomic heat of, 88. 
atomic weight (ff, 26, 88. 
melting-p^intf of, 45. 
specific hea^of, 88 ., 

subliraati<m of, 87- ^ ' 

valency of, 285. 

rsenioua oxide crystal, y7. 

rsenolite, 78. 

ssociatiun, ga^.oiis, 140. 

influence of pressure upon, 140. 
influence of temperature upon, 142. 
of liquids, 1.56-158. 

‘of water, 158. ' 

.straeahitc, 201, 221, 

.symmetry, 62. . 

.tinolysis, 34. 

Ltmo8ii»li#’'e, Kolilraiiseh’s ionic, 218. 
mean composition of, 102. 
itomic heat, 86. 

variation of, witli temperatuie, 92. 
hea.ts, table of, 88-80. 
theory, 15. 

volumes and tfle Periodic law, 270. 
weights, accurate dekTinination of, 249. 
approximate methods of dcterniining, 
233-241. 

Cannizzaro’s System of, 22. 
connection between atomic volumes 
< and, 270. 

Dalton’s system of, 16. 
determination of, from gaseous analyses, 
231-233. 

early systems of, 17. 
first Berzclian system of, 17. 

Gmelin’s system of, 19. 
international, table of. 25. 
ionic mobility and, 217. 
modern system of, 21, 22. ' 

radioactive elements and, 282. 
relation between specife heats and, 
94. < . ' ' 

‘ secoi^d Berzclian systpm of, 18. 
systems ol Gerhardtand Laivoht, 20. 
variation of, according to source, 282. 
Atoms, 21, 23. 
compound, IT. 

existence of, postnlatod by Greeks, 15. 

simple, 17. , 

structure of, 276. < 

Aurora bofealis, 297, 349. 

Available energy, 5. ^ 

Avoj^ro’s constant, 83. 

hypothesis, 21, 22. 

AJ^es, crystallographic, 64'. t 
Axial gViics, 51. 

<^ratios. 61. 

Axis, brachy, 64. 
clino, 64.^ ^ 

' crystal ^ogAiphic, 51, 64. i 
^•D gc^, 64. 
macrq^4» ^ 

drtl^oi 6f. 1 < 


Babo’!- law, vo 0 ,114, 

Barium, atonuc besfe of, 88. 

atomic weight of, 26, 

* melting- i)uint of, 46. /T 
sjiecific heat of, 88.* 

Baiyum antimonyl tartrate crystalSj'hS 
chloride, molecular heat of, 95. 

specific heat of, 95. 
fluoride, solobifity of, 103. 
nitrate crystdls, 53. ' 

sulphate, molecular ha||of, 95. 
solubility of, 103. ^ 
specific heat of, 95. 

Basal puiacoids, 61, 63, 64. 

plane, 01,62. 

Bases, 198-199. 
dissociation of, 219. 
relative si lengths of, 221, 225. 

Basic hydroxides, 199. 
oxides, 197. * 

salts, 19y. 

Basicity of acids, 196. 

Bechhold filters, 81. 

Beckmann’s boiling-point method, 148. 
frce/,iiig-poiiit method, 145, 
thermometer, 148. 

Benitoitc, 53. 

Beuzono, moloouiar depression of, 209. 

iiitro, deju-eswon of, 209. 

Beryl, 53, 61, 303. 

Beiyllmni. See Gluoinum. 
Bi-moleculav, reactions, 184. 
Bi-pyramulal class, 52, 63. 
Bi•,«phcnoi(^a^cl/ ss, 52. 

Bi*vanant sjlstems, 175. 

Bismuth, atomic'neat of, 88. 
atomic weight of, 2.5, 88. 
boiling point,of, 37. 
freezing-curve of antimony c,lloy| of, 
freezing-curve of tin alloys of, 116.^^ 
melting-point of, 45. , 

specific heat of, 88 
Bliigden’s law, 121, 122. 

Blood curpusclos and osmosis, 126. 
Boiling-point, 35. ^ 

determination of, 35-3^. 
molecular elevation of, 148. 
points of elements, table of, bG-ST 
Uoracite crystals, 60. 

Boric acid, ionisation of, 223. 

Boron, atomic heat of, 88, 90. 
atomic weight of, 2r>j 88. ^ 

boiling-povit of, 37. ' 
specifiij li^at of, 88, 90. 
volatilisation of, 46, 

Boyle’s lav, 26. 

devii?ti,on8 frlm, 28i- 
Brachy-dome, 63. 

Brachy^pinacoid, 64. 
Brachy-pyrafiidJ62, • 
B^‘avaii-Millcit'S;|AUem,^6&, 

Brevium, 281. *' 

Brdggerite, ^3. 

Bromine,(^atomic heat of, Sq 
^catomic weight of.^tS', 88. 
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QK>mme, boilmg-^int of, 
meiting-point or, 44. * • 

specific he^t%<r 88. 

Brownian movcm^y^t, 82. 

• 

Dadmium, atomic heat of, 88. 
at<Jhiic weight of, 25, 88^ 

. boiling-point of, 37. 
freezing-cuTvo of mei-cury 5ml, 120. 
melting-point c%45. 

8j)eoifio heat of,*a. 

[iJaamium sulphhlo crystal, 63. 

Ctesium, atomic liout of, 88. 
atomic weight of, 26, 88. 
boiling-point of, 37. 
melting-jioint of, 4,5. 
specific heat of, 88. 
valcite class, 61. 

crystal, 63, 61. • 

Calcium, atomic heat of, 88. 
atomic weight of, 26, 88. 
melting-point of, 45. 
specific heJt of, 88. 

Calcium carbonate, dissociation of, 174. 
fluoikle, soliihility of, 103. 
iitrate, ionisation of, 21^ 
oialate, solubility of, 103. 
sulphate, molecular heat ol, 95. 
solubility of, 10^. 
specific boat of, 95. 
thiosulphate crystals, 62. • 

tungstate crystals, 52. 

Calorie, gram, 86, 163. % • 

Caniplior, equivalence parameters of, 76. 
Cane sugar, osmotic pressiAe ol i#tlutioiis of, 
124,141. • 

Capacity for heat, 86. # •, • 

Carbon, aturalc heat of, 88, 90. 
au)K.ic weight of, 26, 88. 
heat of con^.ustion of, 166. 
specific heat of, 88, 90. 
volatilisation of, 46. 

Carbon dioxide, coefficient of expansion of, 

. 28. 

critical constants of; 131. 
critical phenomena of, 88- 39. 
deviation of, from Boyle’s law, 28, 29, 
80. 

dilfus\^ii of, 83. • 

heafaf formation of, 165. 
liiefLing'-j^oints of, under pressure, 33. 
solubility of*in*orgaiiic liAuid.H, 100. 
8olu(^iiity of, in water, IOOia • 
sulphide, heat of formation of, 165. 
enoxide.A-^bsoruKoD of. b# cliarcoal, 
,108. . • . *» 
co^cient o^oxpansion of, 28 . 
critical constants of, 131. . • 

deviatioa of, from bovle’siiw, SO. 
ftlfusiw of, 83. ■ I • • 

heat ofToAatiou of, 166. 

solubilit^ol, 100. 

Cari&nic a^a, i^nisatiq^i of, ^23. • 

^ruailite, 303. 


* * 

\ Cariiotite, 808 
CttsaiuB, purtde of, 8 
gCataly^, 188 
Cafiilyst, 188 
Catalytic agent, 188. 

Cataphoresis, 83. 

Cathode, 202. 

[•Cation, 202. 

Ccntrosyi^yietry, 49. 

Ci rium, atmiiic lio;il of, 88 
atuinie. weight of, 25, 88, 
melting-pmnt of, 45, 
speeilie lieat of, 8S, 

Charcoal, absorption of goM'.s by, 108, 306. 
^oniic heat of, 88, 90 
specilic heat of, 88, 90, 

(’•iiailcs’ law, 2 ti. 
tJliateln-r's thcoieni, Ij*, 178. 

Ifiicmicid uJlinity, 167. 
change, 3, Clm)). V. « * 

inlliieiice of leiiiporatnro on, 187. 
rate of, 381-186. 
combination, 9, 159. 
composition, 9. 
comitotinds, 9.* 
cly^tallogIaplly, 70-76. * 
e<imlibnum, 169-rei.^ • 

Chlui'iiie, atomic beat of, 88. 
atomic weight of, 25, 88. 
boiling-iioint of, 37. * 

melting-point of, 44. 
soliibihly of, 111 water, lOO. 
specific heat of, 88. 

Chiomiuni, atomic heat of, 88. 
atomic weight of, 25, 88. 
boiling-point of, 37. • 

melting-point of, 46. 
specific heat of, 88. 
valency of, 28^ 

Cinaalmr crystals, 62. 
j^CIassitioutioj) of colloids, 81. 

of elements. See Bait I. Chap. VIII. 
Claude’s appuittus, 325. 

CJaudetite, 73, • • 

Clfeveito, 303, 30^ 

Olmodom^ 63. ^ 

pinacoid, 64. 

Cobal^, atomic heat of, 88. 
atomic weight of, 25, 88.* 
melting-point of, 45. • • 

jKisitioi^of, in pcriodic^lassilioation, 274. 
sjiecilic belt of, 88. , • 

Cobaltite, crystals of, 60* * 

Coclln-icut of solubility, 99, 100. 

(.^itfi, 48. 

Coffoid,<fi^ 

particles, moAfii of, 82. 
size of, 81. * • 

^Uoidal cl*iuistry, imji^rtance of, 86. 

•solutions, electrical pr^rties of, 83, 

* natnft of, 80. • 

preparatiot of, 79. 

Substances yielding, 79. 

• Tyndall t*tfor, 80. • * • 
ultif-mi^Toacope and, 80t • 
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Oolloidid'btete, h 
Collyid4i.'b8orptire power of, 8jl, 
ooagiifatiot. 83. ' 

classificAtion of. 81. ^ 

^ olectro-negativej 88. 
electro-pofitive, 83. 
incrgamo, ^5- ^ , 

precipitation of, 83. 

4 valency and, 84. ^ 

Colour change, transition temperature and, 

. 69. ‘ 

, iouio, 272. *’ 

OolumbiunijVoniio weight of, 25. 
melting-point of, 46. 

^rabination by volume, 26. f 

^mbini^g volumes, law of, 14. 

weights, 11-12. 

Complex ions, 216. * 

salts, 200. 

©ompoirajf's, 176. 

Compound atoms, 17. 

Comiwunds, 9. 

generalproiMjrtiesof. /S'eePaTtl. Cha]>. If 
intermediate, 190, , 

Compressibilities ,and Periodic l.iw, 272. 
Corfaensed systems, 181. 

Comluctivity, eqaivfileift, 205. 
ionic, 103, 203. 

Periodic law an<L. 272. 

Bpecifl<j. 206. 
transition point and, 60. 

Conductivity coll, 205. 

Conjugate solutions, 102. 

Oorservation ol energy, 5. 
of mass, 4. . 

Constancy of asgles, law of, 48. 

Constant, Avogadro’s, 83. 
crystallograiihic, 51. / 

equilibrium, 171. 

ionisation, 222. , 

of weak acids, 223. 
radioactive, 183. 
ftydberg, 234. ^ 

universal, 234. ' ' 

« velocity- 182. ( 

Oonstont beat summation, 162. 

Constants, table of critical, 131. 

Convergence frequency, 235. 
c iCooUng curve, transition points and, 67. 
of iron, 68. r ' 
of water, 68. 

Copper, atomic heat of, 88, 92.' 
atomic weight of,-25, 88. 
boiling-point of, 37. ^ 

melting-point of, 45. 
speciBc heat of, 88. ® 

Copiier ferr^-cyanide memHrl.(ie, 128. 
oxidef molecular heat of, 96. 

• specific heat ofK96. , ^ ' 

pyrites, crystals of, 62. 
sulphate, jrystalS of, 52, 64. 
aissoK^tioo uf|,2W. 

- Coi'respo]M|cg densities, 135. 

Critical Jq^staVtsf method <h reduction 6f, 
* ^4.«* • \ 


Criticiatconstontft, table of, 135. 
phenomena/.87-3&. ’ 
pressure, 88. > 

' solution temperatUK, 
temperature, 35,“88. «' 

Cry«hydrate, 115. 

Cryohydrv* point, 116. 

Crystal, definition.of, 48, 76. 
face, 47. ^ 

indices of, 61. 
form, 60. § 

Periodic law and, 272. 
transition temperature and, 69. 
Crystalline substances, 47. 

Crystallographic axes, 54. 
axis, 51. 
classes, 62-54. 
constants, 51. 
notation, 61. 
systems, 64. * 

Crystallography, 47-64. 
chemical, 70-75. 
fundamental laws of, 48. 
gooraetneal, 48. 

(hystalloid, 78. 

Crystals, lujuid, 47. 

mixed, 72. , 

Cube, 57. 

Cubic crystal, 5^. 

system, 53, 66, 57. 

Cuprite, crysid of, 5}. 

Cujtrous chloride, molecular heat of, 95. 
siiecilic hea^of, 95. 

* i 

Dalton’.s Isw of partial pressures, 26, 99. 
Decomposition, chemical, 1.59. 

: ■ doublf,'’160. . 

hydrolytic, 160, 227. 
reversible, 160. 

Degree of fioedom, 176. 

Deltoid dodccalicdroii, 58. 

Density, a|>pi-i>ximato determination of 
vapour, 136. 

dotei'inination of ggseons, 180. v 

determination of vajjour, at high tempera¬ 
tures, 138. . 

Dumas’ method of determining, 186. 
Guye’s method of corresponding, 135. 
Ilofmanirs method of duterraii^Vng, 136. 
method of limiting, 133, 262.,, ■ " 

Periodic law and, 272. , , • 

Rognault’s method of determining, 

Victor fM» 7 er ’8 method of-detcimining, 
137. ' , . " 

Young’s' rao^ificatUn for' determining, 

m. . ■ 

Dewar vaenum flasks, 42. ; 

Dialygio! 78, c - nn 

Diamond, atomic lieat of, 88, 00, 92. 
rrystil form t-f,'»9. ** 
specific hea^jOf, 88, 00* 

I Hfi'use series, 235. « 

cDitfusionjfjaaequs, 83. c 

<. wrahtjoiMttwof, ge,'^38. 
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{^-Imaj^ontUbi-pymmid, Jp. 

' pyramWal class, 58. • 

Duatometer, $6 * , 

TiimoTphouB, 65.^ 

Di-n-gonal, 51 * 

Di'Optass crystals, 53. 

{^ploid, 60. 

Disperse phase, 79. 

Dispersion media, 78. * 

Displacement, iKemical, 16f. 
Dissociation, elecfeolytic, 154, 21]-2‘28. 
of salts, 213,^14. 
gaseous, 140,160,161, 171-174. 
influence of pressure ou, 142. 
influence of temperature on, HO. 
pressure, 174, 

Distillation, fractional, 113. 

of liquid mixtures, 112 
Di-tetragonal bi-jiyrumidal class, 53. 

bf-pyramids, 62. • 

Di-trigonal bi-pyr-irnids, 61. 
jiyr.unidal class, 53. 
scaleiioliedral class, .53. 

Domal, 52. • 

Dome, 52. 

Doppler effect, 314. 

^n argon, 340. 
in helium, 314. 

Double salts, 200, 201. 

Dualistio theory, 19l>. 

Dulong and Petit’s law, 89. 

exceptions to, 90-91. , 

Dumas’ vapour density ineLhod, ! 
Dyaki-s dodecahedral class, 1^4'; 

dodecahedron, 60 ^ 

Dynamic .illotiopy, 67. • ^ 

equitibriuin, 170. % 

Dysprosium, atomic weiglit^f, 25* 


Eaiii%s, 191.^ 
mild, 191. 

JSdges, crystal, 47. 

Ellusion of gases, 34. 
instein’s formula, 93. 
lectrical osmosi?, 83. • 

• |)roperties of colloids, 83. 

Electr(fcherfllcal equivalent, 202. 

Electrodes, 202. 
fSloctrolysis, 201. , 

El^trolyt^j 201. 

qpnt'':)*ti^rtv of, 204-206. 
filec^lytic cAl, 20a . 

disaitnalioii, 154, 211~228. , 

^rrh^ius’theory^of, 212. 

Clausius’Uioory if, 211. % 

tQrotthur the?)ry*|f, 2W* •* 

, of^lts, Sl3. 2 I 4 . • 

Electromotive force, ti;^nsitioii popi^^ and, 

-* \ % 

EI«Ctfb*nog^ve colloids, 8|. t • ^ 

elements. 20JI • j 
Elitftro-pbsitjp colloids, 83. ^ 

■ ele!nents,^203.* « 

JSemnitr,?.; '*‘.1 ^ * 


[ Elementarysubstance, 8. ' 

Elements, olassiffoation of, PartX Cliap. 

j fvnif •» ^ 

distribution of, and Peiioilic low, 27B. 
general properties of, lltit (. Chan. 11. f 
hardness of, and th(f li>rioaio law, 

► “'2. ,• 

• periodic [iropcrfies of, 272. 
periodjg^table of 269. 
prediction of new, 276. 
relative abundance of, 8. * 

spectra of, 234. • 

table of, 2.5. 

transpan'iicy of, to X-rays, 2 
ElemeiiN of synuin'iiy, 49. 

Ridding colloidal Solutions,' 

Kliastitf, 333. 

Knaul ioinoiplions forms, 56, 5!j 
Enantiotrofiy, 65. 

KndoLln rniic compound, 164. 

reaction, 102. 

Energy, conservation of, 5. 
di-ssipatioii of, 6. 
free, 169. 
intrinsic, ICl.* 

Entropy, 169. * 

Equation, chemical,^4 • 

incompleteues.s of, 25. 
gas, 27. 

K.ijuatorial syminelry, .54* 

Kipiilibrium, cIiciiiichI, 169-18 
constant, 171. 
disphicemeiil of, 178. 
dynamic, 170. 
law of chemical, 171 
of heterogeneous systcins, 97 
Equivalence parameters, 75. 
of camphor, 76. 

Eqitivalont, eiocbo-eluTiiical, 202. 
C'*nductivity, 205. 

• ratios, law of, 11, 12. 

weight, (ieteimiiution of, Part I. Chap. 

Vn. 0 ■ 

Erbium, atomic weij^htof, 25. • 

ifthane, critical Cj^iHlauls of, 131., 
KthylenOj^lillusion'>f, 33 
?7thylcno di-bromioe, molecular depression 
of, 209. 

Europium, atomic weight iff, '26. 

Eutectic, 116. * * ^ 

Euxeiuto.^303. , 

Exothorniic #ompound, 164. 
reaction, 162. 

• # * 

Eatk, cs^*talline, 47. 
fuudamrntal,l6l. 
indices of, 51. ♦* 

^similar, 4^, .50. 

* symbol, 61. * 

^^aradhy’s^laws, 202. 

Fergusonite, 30#, 804, 8i«. ^ 

Ferrio^hloride. solubility of, 1Qii|||uS. 

B'etrous sulpha*, cryatal8#f,^4l 
Filters, l^chhold, 81. # • • 



are 


Fucf’<} r&tna, 10. 

Fluorineiatomic^ight of, 25. 

86 . i 

meHing'point of, 44. 
flluor-spar, orysUFof, 64, 67. 

Form, cryste^, 66. 

ForB^tioDjhw^of, K^. 

Formic acid, molecular degression of, 309. 
Forms, crystal, combination of, 6^ 

^ enantiomorphous, 66, 67. 

Formula, 23. ' 
molecular, 24^189. 

Vractional ci^stallisation, 121. 
distillation, 113. 

Free energy, 169. ^ 

Roidom, degrees of. 176. 

Freezing-point, molecular depression of, 122, 

144. 

ouryes, 116-120. 

greezing-wints of dilute solutions, 121. 

of solutions, 114. 

Frequency, convergence, 235. 

oscillation, 284. 

Fundajmental face, 51. 

238. " 

< * 

Gadolinium, atomfe weight of, 26. 

Gallium, atomic heat of, 88. 
atomic weight o^ 26, 88. 
meltinl?-point of, 45. 
specific heat of, 88. 
valency of, 285. 

Gaynet, crystal of, 57. 

Gas equation, 27. 
laws, 26. (, 

vsiidity of, 28. 

Gaseous density, determination of, 130. ^ 
Gases, ditl^sion of, 26. , 

liquefaction of, 39-43. 
permanent, 40. 
solubility of, in gases, 99. 
in^iquids, 99-102. ♦ 

in solids, 107. r ^ 
t Ipecific Jieat of, 96. , 

Germanium, atomic heat of, 88. , 
atomic weight of, 25, 68. 
melting-point of, 45. 
t specific heat of, 88. 

Qlueinum, atomic hj*at of, 88, 90, 
atcunic weight of, 26, 88. 
boiling-point of, 87. 
melting-boint of, ,46. 
specific heat of, 88, 90. 

Glyoei’osol, 78. 

Gmd, atomic heat of, 88. 

^mio wiiight of, 25, 88i u 
boilirg-point of, 872 
omelting-pointof. 46. 
specific h«it of, So. 

Qrabepi*4 law of di^usion, 26, 

Gram oalor$^ 86. 

Granite, 

^ OhmmitpW «. ^ 

Oyi»8i^ns ci'yst^yorra of, Os. 
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HALOli salts, 194. 

Hamwon liqueMT, 

Hardness of elements, Perio8i#law and, 274 

Keat, atomic,'86. J 

integral, of solution? Kw. ^ 
lipiiting, of solution, 166. 
molecular, 86. 
specific, * 06 . ^ 
unit of, 86. 

He^it capacity, 86. 
of dilution, 166. 
of foniiation, 164. 
of reaction, 163. 
of solution, 166. 

summation, law of constant, 162. 
tone, 162. 

Heats, table of atomic and specific, 88-89. 

Helium, absorption of, by charcoal, 108, 
306 

absorption of cathode rays by, 316. 
an allotrope, 800. 
a product of disintegration, 305. 
atomic weights of, 26, 821. 
boiling-jioint of, 36, 294. • 

chemical inertness of, 318. 
com]>v(.'asibility of, 294, 308. 
critical data for, 294. 
density of, 294^ 308. 
detection of, ^21. 
dielectric cohesion of,fSI2. 
dilfiision of, 308-309. 
dispersion^f, 294, 811. 

Doppler eflect in, 314. 
eyolution olV fpom radium, 369. 
fossil, 303.r 
history o(, 298f. 
isolation,^f, 303. 
liqucfacition o^, 316. 
meltifig-point of, 44. > 

minerals containing, 803. * 

molecular weights of, 294, Jj)8. 
occurrence of, 801. 
percentage of, in air, 801. 
presence of, in meteorites, 303. 
properties of, 307-316. 
purification of, 3(fo. * 

refractivity of, 294, 310. 
sepamtion of, from hydrogenrSOZ. 
solubility of, 100, 294, 309. 
specific heat of, 31 « r 

specific heat ratio, 294, 310* , 

specific inductive cajAcity oy3l^2. 
spectwscopic deteetioA of, 298, 801« ^ 

spcctrujyi gi.'^SlS. 

springseonmiuing, ^01, 802. 

8 upposedi 0 ompouiid,/)f, 320r 
tebWproptiities 294. ^ 

thermal conductivity o^, 294, 810,... 
vapour pr^ures of liquid, 317. 
visoosily 294, o09. 

,J5eemrji efi^t i|p, 314. 
Heini-brach^ome, 64, ■ ■ 
hedrism, ol!f. 

^ maorod^me, 64. 

I* dimorphism, 
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BegslteorphiU crystals^ 458. 

^rlsm, 64. - * • 

pyi&mids, 6^ •. 

Heaiy’s law. lOl; 

Bwa, 5aW of. li2. i- « 
Elaterogvi^uAubstaocoft, 6 . 

Bexagonal bi-pyraniid, 60. 
omtal, 66 . 

Bystem, 63, 65. • 

Bexakis ootahedron, 67. • 

tetrahedral class, 64. 
tetrahedron, 58. 

Eofmaim’s vapour density method, 186. 
Holmium, atomic weight of, 25. 
Bolo^axialsymmeti'y, 54. 

Bolobedral classes, 52-56, 60- 64. 
Bomo^neous substances, 6 . 

Homologous lines, 238. 

Hydrocids, 194. 

HydaatCvS, 200, 217. • 

Hydration, 217. 

Hydrazine, ionisation of, 223. 

Hydrogen, absorption of, by charcoal, 306. 
atomic weight of, 25. 
boiling-point of, 36. 
charcoal absorption of, 108. 
coefficient of expansion of, 28. 
fritical constants of, 181a 
deviation of, from Boyle’s law, 28, 29, 30. 
diffusion of, 33. « * 

through metals, 107. 
melting-point of, 44. 
position of, in periodic table,^74. 
solubility of, 100 . * 

Hydrogen chloride, as80ciatron|>f,*156. * 
critical constants of, 1 ^. 
solubility of. 100 . ^ 

cyanide, ionisation of, 223. « , 

iodide, dissociation of, 17f-172, 184. 
peroxide, d^ 5 conlpo^ition of, 185. 
suliiliido, critical constants of, 131. 
diffusion df, 33. 
ionisation of, 223. 
solubility of, 100 . 
theory of acids, 194, 

Hydrolysis, 160.* a 
« salt, 227. 

Hydrolytic <Wicoinposition, 160, 227. 
Hydrosol, 78. 

Hydroxides, 198. 
basic, 1 • 

dtUoi«Jar. Jutions^f, 80. 
yielding colk>idaI «olutious, 70. 

• 

[cmfANP Bpar,^. * 

(cositctrshedfon, 67, •* 

Ideal solution* 209.* 

IHocrase crystal, <3. 

Iildioes of crystal face, 5l.« 

(ndiof), atomic heat 881 
atomic w^g^ of, 2 ^ 88 i 
9 ialting-po^ of, 4?. 
spw^6c hein ok 88. 

^raler^y of, 288. p 


^nduotibn period, 186. 

Inert g^es, 29^.' 

elei^ntary^atureof, 294.aj, # 
genwal comparison oh Se* nwrt II. Qliap. 

11. f 

position of, in periodic table, ^96-'2'‘’ 
table of properties of,itl94. 

Jntegral moloculeai 2f. 

Intercept^ 49. 

law of fl^ional, 4i. 

Intermediate compounds, 19l 
ions, 216. I 

Internal re-arrangcnienta, 16 
Intrinsic energy, 161. 

Invariant systems, 176. 

Io(#no, atomic heat "f, 89. 
atomic weight of, 2 ;», 89. 
boiling-point of, 36. 
nieltuig point of, 4^ 
jiei'iodic table and, 274. 
specific heat of, 89. 

Iodine chloride, monotropy ot 
lodo-succinimide crystals, 53. 
lomc colour and tlio Periodic .. , . 

conductivity, 14)3, 206. 
mobility, 2()7, 218. ♦ 

and atomic weight, 217 
and the Periodic laW, 27^. 

Ionisation constant, 222 
pnniary, 223. 
secondary, 223. 

Ions, 202, 204. 
complex, 216. 
intermediate, 216. 
migration of, 206. 
mobilities of, 207. 

Indium, atomic heat of, . 
atomic weight of, 25, 89. 273. 
liailnig-point of, 37. - 
ineltiiig-point^f, 16. 

4 .sjt^o.ihc heat of, 89. 
iron, allotrd^iy of, 68 . 
atomic heat 89. 
atomic weight of,^ 6 ,^9. 

•boilii3g-jK)int of, 37 
meltin^^ointoP, 15. 
specific neat of, 88 . 
transition pinnts of, 66, 70 . 
valency of, 285. • 

Iron sulphide, mohirulai- heat of, 
specific heat Of, 96. * * 

Isotlimorptiapi, 73. * 

IsoiiiorphLsm, 70, 77. 
atomic weights and, 7(. 

^criterion uf,B72. 

Acogninon of^SI. 

solid solution and, 14)9-110. 

Isomorphous elements, 78. 

table of; 74. • 

• ovcjigrowtb, 73. ' - 

series, 73. 

Isopoi^morphism, 73. 

Ismtomo solutii^s, 126. 

Isotrimo^hism, 7$. 
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KiiWHiTit, ^03. 

Iohlrauscli’8 lawj204. 

Coup’s law^96,*90. 

Crypton, atomic weight of, 26, 294, 350. 
aurora bo^lis aiifl,^2975( 349. 
boiling'Poiut of, 86, 294. 

* oomprosaibility of, 294y348. 
critical date-for, 294. 

(fensity of, 29A, 847. 
hirtojy of/f846. 
isolation of, 847 • 
melting-point of, 44, 294. 

<V»»ol6Cular weight of, 294, 848. 
occurfonco of, 346. 
percentage of, in ai^. 346. 
properties of, 347-350. 
r refra^tidty of, 294, 348. 
aolubiiity of, 294, 348. 
specitic heat of, 350. 

8i)ecitic heat ratio, 294, 350. 
spectrum of, 348. 

. + 4 j>ie of properties of, 294. 
viscosity of, 29^4, 348. 

Zeeman effecf. in,^360. 

ba^rosBKHOBK-SAruR*! apparatus, 149. 

Turnef and Pollavd’s form of, 160 
Lurthaniim, atomic lieot of, 89. 
atomic weight of, 25, 89. 
pelting-point of, 46. 
epeidfio iieat of, 89. 

Lanthanum nitrate, lOiiisatLon of, 213. 

sulphate, ionisation of, 218. 

Law, Babo’s, von, 114. 

Bla^en-s, 121,122. ^ 

BojVe, 26. 

. deviations from, 28. 

Charles’, 26. 

Dalton’s, 26, 99. 

Dulong sod Peht’p, 89 
Paradav’s, 202. 

Gay-LnWe’s, 26. 

Graham’s, 26. 

Henry’s, 101. 

Hess', 162. ' 

Kohliau-soh’s^, 20^. 

Kopp’s, 96^. - 
(tjussao 8, Gay*, 2o. 

Neumattfi’s, 95. ^ 

Ostwald’s dilution, 221. 

Feuribdic, 268. 

Rftoult’a, 114. 

' Troutonte, 157. ^ 

WhaWsi 11^- , 

Ifcw of chemical equilibrium, i 
of combination by volume,‘2o. 
of combining volumes, 14. 

weight^l2. I 

(A cons&tion of energy, b. 

' ot?oSopVW6».‘8-' 


1>W o9con8tantheat 8Whma%|ii Wit •. 
ofdiffuMoncf^A^a, 26;* -, 
of equivalent ratios, 11, f^... 
of fixed ratios, 10. 
of isomorphism, 71# ^ / 

of mass action, 168,18L 
01 maximum work, 169. 
of multiple proportious, 10. 
of octavos, 268.* 
of |)artial pressures, 26. r 
of rational intercepts, 48, 
of symmetry, 48. 

Lead, atomic heat of, 89, 92. 
atomic weight of, 25, 89, 282. 
boiling-point of, 87. 
freezing-curve of silver alloys^ol, 117. 

of magnesium alloys ot, 117-118. 
melting-point of, 46. 
specific heat of, 89. 
variation in atojnic weight of, 282. • 

Lead chloride, association of, 156. 
chromate, solubility of, 103. 
iodide, molecular heat of, 96. 

specific heat of, 96. • 

molybdate, crystals of, 52. 
sulphate, molecular heat of, 96. 
solubility of, 103. 
specific heat* tf, 96. 
sulphide, molecuhir heat of, 96. 
specific heat of, 96.*, 

Leucite, crystal form of, 57. 

Limiting densities, 133, 162. 

Liquation, 1^1. 

Liquefaction Bosses, 39-43, 

Liquefior, Hympson, 41. 

Liquid crystals, /7. 

,Litutetalar weight of pure. 164-168. ^ 
Lithium, atomic heat of, 89. 
atomic weight of, 25, 89, 26(b-2W. ^ 
boiling-point of, 37. 
melting-point of, 45. 
specific heat of, 89. 

Lithium chloride, preparation of pure, 261. 
Lutecium, atomic weight of, 25. ^ 

Macrodomks, 68. 

Macro-pinacoids, 63. 

Macro-pyramids, 62 , cn i 

Magnesium, atomic Imat of, 89. \ 

atomic weight of, 264*89. o# ^ 

of w'ni;oy;of; 117-113, 
melting-poiht of, 45, ' ,, ^ 

specific t»at of, 89., < 

Magnewcm oitMnpniu^ phosphate, 62. 
potassihn? sulphate, 52. 
sulphate, crystals of, 52.’ 

Slagneftc su^ptlbihty. Periodic la* an«, 
® 272. f, 7, . . 

Malacoue, 308, 338. " • 

Manganese, Komic heat of, 8V^, 

atomic weight of, 25, 89. 

^ iiboiling%oin^of, 3ft, . '■ 



BVBJ^CT IKDBX. 


8'7I 


TD^ting-point ot 46. 
jpeciflo heatof, 8&. • • 

jjanh gas. Be'thane. 
taas, conservation of, 4. ~ 
action, law111. 
tfaxiiunn woi-k, law of, 169. 

^edia, dispersion, 76. 

Aeltliig-point, 43, 

influence of pressufo oti, 43. 

* inothods of^etonnining,^4. 
points, table of, ofelemouts, 44--46. 

tranidtion points and, 69. 

^sndeKeft’s periodic table, 269. 

Ifercnrlc bromide and iodide, free 2 in^;-j>oint 
ourroof, 119. 

chloride, dissociation of, 142. 
influence of water on dissociation of, 
189. 

iodide, freezing-point curve of, 119. 
molecular heat of. 95.^ 
specific heat of, 96. 
transition point of, 66. 
oxide, 4. 

moleculas' heat of, 96. 
specific heat of, 96. 
sulphide, 4. 

molecular heat of, 96. 

* 8|)ecilic heat of, 96. • 

Mercury, atomic heat of, 89. 
atomic weight of, 85, 89. 
boiling-point of, 37. 
effect of heat on, 3.^ • t . 

freezing-point curve of eanmium and, 

120 . 

melting-point of, 44. 

■properties of, 3. 
specific heat of, 89. 

Meta-acids, 199. 

Metalloids, 9.« 

Melals, • 
pLjiical prowrtics of, 8. 

Meta-ncon, 329!, 

Metathesis, 160. 

Methane, critical constants of, 131. 
diffusion of, 33. 

ftethyl chloride,^riticalmoiistaiits of, 131. 

• ^de, critical constants of, 131. 

Migratfcn oftons, 206. 

Miller’s method, 65. 

Mixed crystals, 72. 

Mixture ot^I'hilorior, 8ff. 

Mi|t^i’-'‘ft, 6F y 
MoniJities of i8n»f2ft7. 

Moloraar distance ratios, 76. 

fopnnl*, 24, 189, 163. * 

' heats, 86. - • « a ■ 

volumes, 186 . « »* *% « 4 

- weigJm 22? , iSe^Part I. Chaf. IV. 

ahoormsl, lt9,154. 

• Calculation of, ^68.* • 
soioduc^ivity me^urerlejy;^oil,,|1.50.^ 
ddpreesioi^f freezing-pointend, 144. 

‘... depres^^of vapour tension and, 146. 
determinatiCn of, from osmotig pressure, 


^oleculhr weights, deteri(|lnatio%. of, 
BolutioiK 143. ■ j 

^ el^tionCr boiling-pQih^^<^ il8. 
e;Kact dctcr-Tiination of, ISor ' , 

influence of solvent om 152. 
surface tension and, 164r 
of gases and vapomm 129-130. 

\ of pure liquids, 1#4-158. *• 
Molecules, 21. 
olemenOTry, 21. » 
integral, 21. ^ 

Molybdenniii, atomic heat 89. 

at omic weight of, 25. 89. # 

boiling-point of, 37. 
moltnig-pomt of, 40. 
d^eeific heat of, 89. 
valency of, 285. 

Monuzito, 303, 304. ^ 

Moiioclinic system, 52*54, 63. 

Monotropy, 66, 67. , 

Morgan’s surface teu-cioii method, I 
Morphology of crystals, 76. 

Multiple propoi lions, law of, 10. 
Muliivaloncy, 77. . 

Muriaticuiii, 194.« 


Nakgitr, 303. 

Neodymium, atomic weight of, 25. 

melting-point of, 45. # 

Neon, alworption of, by charcoal, 2 
atomic weight of, 25, 29 J, 329. 
boiling-point of, 36, 294. 
ooiDpre.s«fibility of, 294, 327. 
critical data for, 294. 
density of, 294, 327. • 

dielectric cohesion of, 327. 
history of, 322. 
isiilation of, 324. 
luniefaction off328. 
melting-point of, 44, 294. 
occurrene^of, 323. 

|)Creentago in air, 323. 
permeability of q\inrt|to, 326.# 
•properties of, 327-3 
refractive mclex^d', 294. ' 

refractii^ly of, 2£W, 327. 
solubility of, 294, 827. 
sjiectrnm of, 827. ♦ 

table of properties of, 294. 
viscosity of, 329. * 

Zeeman eff|ct in, 828. * 
Neoytterbiura, atomu; weight of, I 
Nepholometer, 246. 

I^iuuann’a laiW, 95. 

Isicfel,;^^iiche-'it of, 89, 91. 
itomic weigh25, 89. • 

melting-point of, 46* 
periodic classification and, 274. 
w Specific heat^jf, 89, 91.* 

47icKf‘I oxide, molecular heat of, 96, 
specific he^ of, 96. 
NiobilP'Oolumlnte, 303. 

Niton, absorption of, by 
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iioD, o«ttioal SktA of, 294, Sfi8. * ^ 

d«nsi^ of,‘29^ 357. 

hUto7of^^8l»5.' 

isqUtion or, 855. 

melting-point 44, 294. 

oocumin^ of**856. 

p^perties oj^ 356«C58. 

radroftctivt change 308. 

solubility of, 294, 357. 

spcotrum of, 357. ' 

table of nrof'crties of, 294. 

'Jiftio acid an(V water, freezing-point curve 
of, llSjT 

oxide, critical constants of, 131. 
determination of density of, 260. 

^ physical data for, 262. ^ 

preparation of, 255. 

Nitrobenzene, molecular depression of, 209. 
Nitrogen, absorption of, by charcoal, 108, 

atomic heat of, 89. 
atomic weight of, 25, 89, 254-264. 
boiling-point of, 36. 
critic^ constants of, 131. 

^^v^ation of, from Boylt^s law, 28, 29, 30. 
diffusion of, 89*. 
melting-poinj; of, 44.^ 
solubility of, in chgauic liquids, 100. 

in water, 100,101. 
speciho heat of, ^9. 

Nitroged peroxide, association of, 141-143. 
tdissociation of, 173,179,189. 
preparation of, 256. 

Jesuits of analysis of, 261. 

Nurosyl chloride, analysis of, 256. 
preparation 256 
results of analysis of, 262. 

Nitrous acid, ion'satiun constant of, 223. 
oxide, analysis of, 257. * 

coefficient of expansioifbf, 28, ^ 

.critical constants of, 131. ^ ( 

deviation of, from Boyle’s law, 30. 
dUfiision of, 88. « 

gravinaetrio analysis-of, 257. 
r. gravimetric analysis results, 261. ' 

phys^l data for, Wt ^ ' 
preparation of, 256.* 
volumetric analysis of, 257. 
t volumetric rf.ialysis results, 262. 

Noble gas^, 293. ^ Inijrt gases. 
Non>metal8,8.' 

physical properties of, 9. r 
Normal sans. 196. , 

Notation^ crystallographic, 51. 


OOCLUSION^ 107. ' I, 

0otah6(|ro8> 67. ' 

Ostaves, law of. 268. 

Olivine, crystal foHh of, 63. 
Open forms, 60. » 

prism 60. 
O^nospD^ 
‘=Ortho-a«^aK. , 
Orthod^^8l|;64t ^ 


Ortho^omes, 68. 

Ortho-pinacoid^^ 6^ 

Ortho-rhombSo crystals, 55f 
• system, 52, 66, 62.. 

Oaciliation frequency^ 2lf5. > 

Os]pium, atomic heat of, 89. * 

atomic weight of, 25, 89, 278> 
meltin^point of, 4.6. 
specific heat of,*89. 

Osmose, electrfeal, 83. • 

Osmotic pi-ossure, 122-127. 
conductivity and, 124. 
gas laws and, 124. 
indirect measurement of, 126. 
measurement of, 123. 
molecular weight and, 144. 

Raoult’s law and, 126. 
temperature and, 124. 

Ostwald's dilution law, 224. 

Oun, 240. f 
Overgrowth, isomorphous, 73. 

O-tidatiim, 159. 

Oxides, 197-198. 
acidic, 197. 
ainphotfliio, 198, 227. 
basic, 197. 
neutral, 198. 
per-, 198. * 

sewjui-, 198. 
sub-, 198. * 

yielding colloidal solutions, 79. 
Oxygen, absorption of,_by charcoal, 108. 
atomic Ireut of, 89. 
a^mio weig*itof, 26, 89. 
boi]ing-po|»irbf, 37. 
critiem constarts of, 131. 
deviation of, from Boyle’s law, 30. ■ 
t dilfusioei of, 

molti'jg-poiiit of, 44. , 

solubility of, in water, 100, Wli^ 
specific neat of, 89. 

Oxygon theory of acids, 192.^ 

Ozone, decomposition of, 184,188, 


Palladium, atomic heat of, 89. 
atomic weight of, 25, *89. 
boiling-point of, 87. 
melting-point of, 46. 
specific heat of. 89. 

Palladium hydride, ^57, 

Parameters, 51. 
equivalence, 75. 
ofcamuHor, 76. 

Parheliuifi, 30(i. ^ * 

Partial prc^ui^e, Daltqu’s law^of, 26. 
PentagMwi dod^scahedfln.^JO. 

icositetrafiodrai class, 68. '' ! 

Period, induction, 186. ' 

Periodic Iaw*.268.* '' 

atowicItiTctare and, 276. ^ 
atomic-wluiffes rfiid, 27tl) 
exceptii^ to, 274; 
radio^elements and, 27S 
^ « rare »rthl|and, &^6, 
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VriMb W, val»ncy4ndi !S6 
l^perttes of elements. 27% 
Ubie, adrantatieB of, 


imperfections in, 278. 

^ Meodel^t^s, • * 

' modifications of, 276. 

Permanent gases, 40. 

?er-oudee, 0, 

Phase* 6. ‘ 

•disperse, 79, 

Phase rule, 174-178. 

Phosphine, critical conetante of, 131. 
Phosphorus, association of, in carbon di¬ 
sulphide, 152. 
atomic heat of, 89. 
atomic weight of, 25, 89. 
boiling-point of, 37. 
meftiiig-point of, 45. 

underpressure, 43. 
specific heat of, 89. 
valency of, 2^6. * 

Phosphonis penta-clilorido, dissociation of, 
178. 

tri-chlorid|, association of, 156! 
Photochemical change, 186. 

Physical changes, 3. 

Pinacoid, 62. 

^lasal, 61, 63. 
brochy-, 63. 
macro-, 63. 

Pitch-blende, 298, SbS, 

Plane, axial, 61. 
basal, 61, 62. 
parametral, 61. 
of syrnmotiy, 49. 

Plasmolysis, 126. 

Platinum, atomic heat of, L, .. 
atomic weight of, Sfi, 89, 273. 
boiling-point of, 37. • 

colloi^l 4 ^ catalyst, 188. 
IS^ing-pmntof, 46. 
specific heatr^f, 89, 91. 

Polar symmetry, 54. 

Polybasic acids, 194. 

PolycMHe, 303. 

4?olymori)hi.«m, ^4, 66. ^ 

* ^nantiotropic, 66. 
irreig)r8ib|j, 67. 
raonotropio, 67. 

I types of, 65. 

Potaasiump^tomic heshof, 89. • 
Atojnic^ght of^^, 89. 
i)oilii{g-poi%t 

nfflltjng point of, 46. s 
period^ classification and, 271. a 

• sMution of, in anina;nia, 177. 
spwifio hea^of, 89^ a ' * 

Potaesiam chVoridef itfctlccifltJr b^at 96. 

* s^ifio heabof, 96. 

• di-imromate crystals^fi^ • • 
di-hydrogen phosphate cfyitfif, 68. 
Mj^-cyanide, osmd^^c p|^o|) of,*126.% 
mafnesiu^^Bulp^te crystals 62.( 
n^te, aJhocaatipn of, 166* 

(^Uls of#68. 


fotassit^ nitrate, f^nndpoint turvd o 
thallium nitrate an* 120. ^ 
traimtio^oint of, 66^. • ' ^ 

9 sulplate, cryjhydrio poinfyf/i 1 
crystal: of', 6?. ^ 

degree of dissociation of^ 213. 
tetra-thionate crystals, 62. • 

Pmseodyininrn, atomic weighted, • 

• melting-point oi^ 45. 

Precipitates, solubility of, 246. 

Prediction of now el^nionfs, 275. 

Pressure, crilioal, 38. • 

dksociation, 174.. • 

gaseous .solubility and, 101. ^ 
osiuotie, 122, 

Iplubility and, 107. 
transition points and, 69. 
vapour, 34. 
of solids, 46. 
of water, 85. 

Principal scries, 235. 

J’rism, 52, 53. 

Properlie,s of elements and compounds. ^Se 
Part I. (>hap. IL 
of gases, 26-34, * 
oflioiiids, 34-i?7. 

I of solids, 43 46. 

Protopyramid, 62. , 

Prout’a liypothesis, 265. 

Purple of Cassius, 80. 

Pyramid, 52, * 

Pyramidal class, 52, 63. 

Pyrites class, 60. 

crystal, 60. 

Pyritobedron, 60. 

Pyrochlore, 303. { 

Qu^dhatic system, 6' 

Quantum tlieoi-yp92. 

Quaiter uyramid, 64. 
jv^uartz cias^fOl. 
crystal, 62. 

QuicKsilver. it>cc Mercury. ^ 

KADlOAC-jjlVE coiisbints, 183. 

transfonnation, f»3, 186. 
Radio-elements, periodic classification aa< 
279. * 

table of, 279. • • 

Radium, itomic weiglit qf, 26, 239. 
Itamsay andChield’s surface tension meth* 
164. • • 

Itatmlt’s law, 114. 

}Ai%i of chemical change, 181. 
Ki^ionfifldftterc^rt, law of, 48. 

Reaction, balanced, 170. 
heat of, 163. * 

roversibl(n W9-171. « 

, •velocity of, l8l. 

^ecafescoTice point, 7^*. * 

Reduction, 16^ v 

Refractive indues, Periodic laii 
” 'frigeretion, wlf-inten^e^ 
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;J mett)S for. gas dejiaiiiee,”^M« 

- R^tiv^eCtreng^ of arids and bases, ^ 21 . 

' Resistawo^ apecilio, 306. ' 

ItevaJ^)an^ct;ion8,160-171.,' 

Rhodium, atomic heat of, 69. 
vv atomic weight dir’, 26, 89. 
boili^'paint 6 f, 37. 

- m^ting-po^t of, 40., ^ 

specific heat of, 89. 

Rhombic dodecahedron, 67. r 
sphenoids, 63. ^ 

ejstem, 62..«• 

Rhombohedra, 0 '^. 

-Rboml^hodill class, 63. 

system, 61. 

. Jtock salt, 303. 

Au^dium, atomic heat of, 89. 
atomic weight of, 26, 89. 
boiling-point of, 37.'( 
melting-point of, 45. 
f seriesdi .cs of, 237. 

specific heat of, 89. 

Euthenitim, atomic heat of, 89. 
atomic weight of, 25, 89. 
boiljpg-point of, 37. ‘ 

* 4 V*e 6 ting-point 9 /, 46. 
specific heat of, 89. 

Rutile, 303. c ^ 

, Rydberg constant, 234. 

c 

Salt hydrosol, 227. 

Saits, 191-198, 199-201. 
acid, 196. 
iwuphid, 194. 
basic, 199. tbi 

colloidal solutions of, 80. 
complex, 200 . 
double, 2 Qp. 
haloid, 194. 
normal, 196, 

triple, 200 , ». 

yielding colloidal solutions, 79. 
Samarium, atomic weight of, 13. 
meUing-ifeint of, 46. 

' Sai^rskita 803, 804, 318.^. 

Scalonohodra. 61. 

Scalenohedral class, 53. 

Scandium, atomic weight of, 25. 

Salenium, atomic heat of, §9. 
atomic weight of, 95, 89. 
boiling-point of, 87. 
melting-point of, 46. ' 

specific hi^t 89. 
valency of, 286. ^ 

Self-intensive refrigeration, 41. 
Senarmonite, 73. , 

Series, diffu^, 286. ^ 

fundamental, 238. ^ 

^pMncipal, 236. ^ < 

sharp, 285. 

Series'iines, ^4. 

, Sssqui-t^id^l, 198. 

^srpseriiaai^lj. r 

RilicoD, aj^te^heatX 89, 90.'' 

• *. ■ f c- 


SUioQS.. atofftlc ^igtib'of. ^,88. 
boUfcg-poiiitCf,57. ;- , 
melting-pq^tofj^S.’' ' c 
specific heat of, 89^ 90. 
valency of, 286. 

Silicon tetra-chloride, association 6;^ 15^' 

Silver, atomic hoat of, 89, 92. 
atomic weight of,' 20, 89. 
boiling-point ofj 37. 
colloidal,. SOf . « ■ 

freezing-point curve of lead alloy < 
117. 

melting-point of, 46. 
sjMJcific heat of, 89. 

Silver bromide, solubility of, 103. 
chloride, association of, 156. 
molecular heat of, 95. 
solubility of, in water, 103. 
specific heat of, 96. 
iodide, solubiUtv of, 103. 

transition point of, 66. 
nitrate, transition point of, 66. 

Similar fac^, 46, 50, 

Simple atoms, 17. 

Sodium, atomic heat of, 89. 
atomic weight of, 25, 89. 
boiling-point of, 37. 
melting-point of, 45. 
solution of, in ammonia, 177. 
sjieoific heat tff, 89. 

Sodium chloride, cryohydric point of, 
115. 

crystal of, b7. 

degree of <lissocialion of, 213. 

*eirect 8f urti'&ure on solubility of, 107. 
freezing-point curve of, 116. 
nitrate, a^eiaVion of, 166. 
per-iod^*^ crystals, 63. 
sulphate, solubility of, 106. 

the phase rule and, 176. r 
sulphide, 197. 

Sol, 78. 

Solid solution, 109. 
isomorphism and, 109, 110. 

Solids, properties of, 43-46. 
solution of, m lig;,-id8, lOlJrlOD. 
in solids, 109. 

Solubility, 98, 100. 
minima of gaseous, 101. 
transition point and, 69. ' 

variation ol^gaseouSi,with pro^evre, 101. 
with tcmp«^ratuTe,'’01. 

Solubility of gasos in gasvMr>99i' 
in organicTjiquids, 100. 
in solfasT 107. 
in water, 100. ** 

of prdcipffatefr 246. 
prMiRt, 2«4. 

Solute, 98. 

iuflue^ qT, on aoliftion, lOi. 

Solution. 6.*'tjS'« Fart I. Ohap. UL 
dUfiniflon (H, 7,08. “ 

elfect of pr«jsuro 00 * 10 ^. 
temperature Of, lu4. « 

0 ^eat Ql, t36. 



Solutlfco, ideal, 209. . 

* diafluence of gblute on, 1^44 
of solvent ^06. ^ 
integral h^of, 106. 
limiting heraot, 1^. ^ 

Mlid, 100 . • 

temperature, critical, 102. 
tbeo^ of dilute, 208-2m 
Solutions, conjugate, 102. \ 
distillation of, 112. 
freezing-pointenf dilute, 114. 
isotonic, 126. 
supersaturated, 110. 
vapour pressure of, 111, 113, 
of gases in gases, 99 
in liquids, 99. 
in solids, 107. 
of liquids in liquids, 102. 
of solids in liqxiids, 102-107. 
ill solids, 109-110. 

Solvation, 217. * 

Solvent, 98. 

influence of, on solution, 106. 
Sorption, 109. 

Space lattice, o6. 

Specific conductivity, 205. 
heats, 86. 

•Duloug and Petit’s law pf, 89. 
mean, 86, 

quantum theory and, 92. # 
heats at low tempefttures, 92. 
of compounds, 96. 


of water, 86. 
resistance, 205. 

Spectra of elements, 234. 

Sphene, 303. 

Sphenoidal class, 52. 

’^flpinel, crystal form of, 67. 
StrMium^^oftiic weight 01 , zif. 

rirt^ig-point of, 4.5. 

Strontium antine^nyl tartrate, 53. 

** fluoride, solubility of, 103. 
sulphate, molecular heat of, 96. 

solubility of, in water, 103. 

% snecitic heat qf, 96. ^ 
Sbicmiine sulphate, 62. 

SiMims^on, 46. 

Sub-oxioes, 19^. 

^bstitution, 160. 

^croeo, invasion of, 18^ | 

osmotic ^Msure of so^tions of, 160. 
Sui]ihid Sf CO. Ilqjda^isjmtioiis of, 80 
, Sulphw, allotropy of; 66. • 

atomic ligat of, 89. 

•atofnic weight of, 26#89. 
*b(iiling-poin8 Sf, ^7. • ' 
dynamic allotroj»y«5Tji67. * 
^eltiifg-point 45. 

Uroperties of, 8. • - 

rlmmbic crystals of, 

hdiSt of, ~~ 


trausmon poMt of, 66,. 69, 
valejtcy of, t86» 
vapour^ drssocUtion 0 ^ 141.^ 
^ VOL.* I. 


^Iphur^i-ozide, coetficient ezpapion of, 


critical co(^ant.H of, 13>. 

• diflfcsion of, 38. * e 

liouefaction of, 39. 
solubility of, in water, 100, 

mono-chloride, association of, 1#6. 

•Sulphuretted hy(^oj^if Hydrogen 

• siiljdiidc. 

Sulphuncessid, association of, 1.56. 

Sulphuryl chloride, Association ol, 166. 

Supot saturated solutions, 110. • 

Surface tension and molecuhiT weight, 15t 

Sylvine, 303. • 

Symbols, 23. 

ti^j^le of, of the elements, 25. 

Symmetry, 49. 
alleinating, 54. 
centre of, 49. 
elements "f, 49. 
e(}ualorial, 54 
holu-axial, 54. 
law of, 48 
plane of, 49. 
polar, 54. 

Synthesis, 159. 

System, cubic, 53, 6' 
hexagonal, 53, 55. 
moiiuclinic, 52, 54 
ortho rhombic, 62 
tetragonal, 52, 65. 
tri-clinic, 52, 64. 
trigonal, 53, 56. 

Systems, ciystallogiaphic, 52-64. 
hcterogeneoii.s, 173, 1^. 
homogeneous, 171, 1^ 
invariant^ 176. 


TanAlum, atonmpheat of, 81 
atomic weight of, 25, 89. 

%nielting-poi«t of, 46. 
sjiecific lieat of, 89. 

Tartaric acid cr^Cals, 52. 

TeUunc screw, 268. ♦ * 

Telliiriuni, atomic Ij^at of, 89. 
atomic w#ght of, 89. 
boiling-point of, '^^7. 
melting-point of, 45. 
specific heat of, 81^. 
valency of, 285. 

Telluriiun a«d periodic (d.iasitication, 274 

Tenipciatiiio, fnlKal, .35, 38 
ciitical solution, 102. * 
efl’ci.tof, on ^seous solubility, 101. 

%«i solution, 10). 

TerUum.'liifiimc Knight of, 25. 

Tetragonal bi-pyifmids, 62. 
crystal, 55. 

.^henoids. 42^ • 

^system, 52, 5.* 62. 

TotrabAdrtif pentagonal df^eca^ral class, 

Tetialimrite cla«, 58. 
crystals, 64, 69. 
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'elralM^ruu, 

Vti^ki^^tetmlwlron, 57. 

’etramorphism. 05. ' 

J03s 

'halhQm, atoniio heat of, 89 
atomic 'wcight^)f, 25, 89. 
boihng-yoint’of, 37. 

specific lifat of, 89.* * 

thallium nitrate, freezing-curvo,Jl 20 . 

transition point of, 6C. 
rhormochemi^try, 161-167. 
riforianite, 30A 
?horite-oratgeite, 303. 

Thorium, atomic heat of, 89. 

atomic weight of, 25, 89. 
b 3 nelting-pomt of, 46. 

epecffic heat of, 89. 

Thulium, atomic we^'ht of, 25. 

Tin, allotropy of, 66 . 
atonaifl heat of, 89. 
atomic weight of, 25, 89. 

^oiling-point of, 37. 

freezing-point curve of bismuth alloys of, 
116. • 

«*J¥wlting-point of, 45. ' 

•specific heat of, 89. 
transition p()int of, '.i 6 , 69. 
trimorpbous, 65.'^ 
valency of, 285. 
yit?inium, atomi(fSeat of, 89. 

atomic weight of, 25, 89. 
c melting-point of, 46. 

specific heat of, 89. 

Tp^wmitc, 303. 

Topical axial ratios,^' 6 . 

Tourmaline class, Go. 

crystal, 53, 62. 

Transference nl^nhcra, 207. 

TransforiSation, latent h^t of, 70. 
radioa^ive, 183. 

Transitio^Hemiierature, change of coloiv' 

and',!??* 

change of crystal form u^d, 69. 
condtwtivity r^id, 
detwmination of, 67^ 
influence of pressure on, 69., 
melting-points am?, 69, 70. 
solubility and, 69. 
temperatures*-table of. 66 , 

Transparency, of elpnjenis to X-rays, 234. 
Transpiration of gases, 34. , 

Transport numbei-s, 206. < 

Trapezohedral clav, 52, 53. 

Trapezohedron, 57. 

Triads, Dumas’, 266. 

IViakis octahedron, 57. 

^trahdOron, 58. 

Tri'cHfiic system, 62, 64. 

'Trigonal prisms, 61. 
system, 53, 65, 6 L 
trapezoh^ra, 0 ?’. 

Trimorphijm, 65. 

TrbgSri t^Q ^. 

XroutoaTk’W^*'!^.. 
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I Tungsten, atomic heat of, 89. 
! alxunic weig^ d?, 26, 89. 
melting-point ol| 40. 
specific heat of, 89. 

J valency of. 285. 

I Tyndall test, 80, 


Dl.TRA-KUiTRATIt'N,. 81. 

Ultra-microscopd, colloidal solutions and, 80. 

Unimolecular’^ihange, ISS.*"* 

Unit of heat, 86 . 

Univariant system, 175. 

Universal constant, 234. 

Uranium, atomic heat of, 89. 
atomic weight of, 25, 89, 94. 
specific heut of, 89. 
valency of, 285. 

Urea crystals, 62. 

Vacuum flasks, h2. 

Valency, 282-289. 
a variable property, 286. 

Harlow and Pope’s theory, 7^-78. 
colloids and, 84. 

Periodic law and, 286. 
theories of, 287. 
volume, 76. ^ 

Valentimte, 73. 

Vanadium, atcmic he^of, 89. 
atomic weight of, 25, 89. 
melting-point of, 46. 
specific htatof, 89, 

Van der Walls’ equation, 31. 

Vtfpour Dumas’ method, 136. 

HofmaPinVmethod, 186. 

Victoe Mejer’s method, 187. 

Yoqrtg’s method, 137. 
density at K^gh temperatures, 138. 
pres.suro, 34. 

dynamic measurement of, 35, 
molecular depression 0^114. 
static measurement of, 35. 
transition temperature and, 69. 
pressuro of dilute solutions, 113. 
of liquid mix^ires, 1 U> 
of solids, 46. 
of water, 85. 

Vvlucity cimslant, 182. 
of reaction, 181. 

Victor Mej^r’s vaiour densi*<; apparatus, 
137. 

Volatihsation, 46. 

«■ 

Waldrn’s method. 

Water, s£sociution,off 141, >50,158. 
di^xia^oif cC, 221^^ • f 

eliminanoD of, from chemicals, 244. 
inflg^n^ of, on qhomicfl reactions, 189^ 
ondil^iA^OD, 189. 

41 mehin^xKnt of, under presture, 4^/^ 
8peci6e^t*,8V, " 

I vapour t^sion of, 36. 

' Wave nwnbqr, 234.p , 
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Wofflirite, 303. 

’^iUlner’fl la’*^ 114. 

X'RAVs, tnl^parency ui oiuiuaiita lv, i.ot, 

and cry8ta%60^. ^ 

Xenon, atomic weight m, 26, 364. 
boiling-point of, 37, 2S4. 
compressibility of, ‘^01^52. 
critK-al data for, 294,‘,3lil. 
density of, *294, 351. / 
history of, 35i. 
isolation of, 361. 
molecular weight of, 291, 352. 
occurrence of, 8.51. 
percentage of, in air, 351. 
properties of, 351-364. 
reflectivity of, 294, 85‘2. 
solubility of, 294, 852. 
table of projierties of, 294. 
viyosity of, 294, 352. 

Zeeman effect in, 353. 
enotine, 303. 


^OUNQ^ vapour density Lp. 

Ytterbium, atcmiic weight * *25 • 
Yttrium, etoalm weight of, *. 
Jfttro-lnitali'^e, 803. 


Zrbman effect, 238. 

► in helium, 314.. 

• ill krypton, 350: 
m neollj 328. ^ 

in xeiion, 353. 

Zinc, atomic heat of, 89, 92, 
atomic weight of, 2.5, 39, ^ 
boiling-point of, 37. 
melting-point of, 45. 
4 g)ecific heat of, 89. 

Zinc blonde, crystals of, .59. 

Zircon, 53, 62, 303. 

Zirconium, atomic heal nf. 8 
atomic weight of, 26, 89. 
melting-point of, 46. 
specific heat of, 89. 
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PART I.—INTRODUCTION TO MODERN 
INORGANIC CHEMISTRY. 

Ci^pTER I. The Fundamentals of Chemical Science . 3 

Chemical and Physical Chan^es—Tho Conservation of Mass and Energy—The 
Dissipation of Ener^—Mixtures and Homogeneous Substances—Solutions— 
Elements and Compounds—Laws of Fixea Katios, Multiple Proportions, 
Equivalent Ratios, Combining Weiglits, if^id Combining Vcofnies. 

The Atomic Theory—Early Atomic Weight Systems—Avojzadro’s Hypothesis— 

The Modern System of Atomic Weights—The Atom-Chemical Symbols, 
Formul®, and Equations—Table of Inteaiational Atojjjic Weights. 


Chapter II. General Properties of Elements and Con'ipoundp 26 

• Properties end Laws •f Gasoa—The Gas Laws—The Gas Equation—Validity 'of 
the ^as Laws—Van dor Waale’ Equation—The Dilfu-sion of Ga',t3--'Vapou^ 
Tension and Boiling-Point of a Liquid—Table of Boiling-roiif^ of the^ 
Elements—Critical Phonoiuena—Liqiiofacuon of Gases. 

Properties of Solids—Melting-Point and its Detcrmiimtiou—Table of Melting* 

Points of the Elements — Vapour Pressure of Solids — VolatJysation and 
Sublimation. ’ 

Crystallography—Fundamental Laws—Cry.stall<)grap]iic Notation and Syst^;ns— 
Homihedrism—Enaatiomorphous Forni.s —Tho Cubic System—The Hexagonal 
^and Trigonal^ Systems—T)i 0 Tetragonal, Ortliorhumbic, Monoclinic, and- 
Triclinic Systems. 

Alloiropy and Polymonihism—Transition Points and tliejt, Determinatiou— 

* Analogies beftvoen Melting-Pomts'hud Transition Points'. 

Chemical Orystallogiaphy — JstAnorphism — Overgrowth — Isopolymorpnism—lao- 
morphous series—Isypoorphisni and Atomic Weights—]3.arlow and Pope's 
Theory of Valency. ’ 

•The Oofloidal State—Preparation of Colloidal Solutions—Size of Colloid Particles 
—Cataphoresis—Adsorptive Power j^f Colloids—Organic and InoBganioCojloids, 

—Importance of Colloidal Chemistry. ,, ,, .*^1 

Specific Heat^of Elements and Compounds- Specific Heat of Watecj-Taole of 
Specific and Atomic Heats of the Elements—Dulo^pg Petit's ^w—Ex-; 

ceptions to the Law—Specific lledts at Low Teinperature8->-The 'Quant^ 
Theory—Deteiniiuation ofi Atomic Weights—Specifi<j Heats of CompopBds—* 
Neumann and Kopp's Law—Specific Heats of Gases. 




MODERN IJ^ORGANIC CHEMISTEV. 


« 4 PAGR 

CHAmiB III. Solubility, Solution, and. some Properties of 
’ olutions 98 

Sokbility and Solution—Solubility of Gases in Oases—Dalton’s IJiaw—Solutions of 
Gases in laquids—lleniy’a Law—Solutions of LiquMs in Liquids-Solutions 
of Solids in Liquids—The ElfecLof Pressure uu Solubility—Solutions of Gas-es 
in Solids—Adsorption and Occlusion—Solutions^of Solids in Solids—Super¬ 
saturated Solutions. 

Vapou^t Pressure of Solutions—Distillation of Liquid Mixtures—Fractional Dis¬ 
tillation-Vapour Tension of Dilute Solutions. • 

Freezing-Points of Solutions—Fractional Crysbillisation—Liquation—Freezing- 
Points of 4)iluto Solutions. • i • * 

Osmotic Pressure—Indirect Melliods of Measuring Osmotic Pressure—Isotonic 
Solutions—Kaoitft’s Laws and Osmotic Pros.-niie. 


Chapter IV. Molecular Weight-and its Determination . 128 

» 

The Molecular Woiglits of (Juses and Vapoui-iH—Exact Determination of Densities 
and Molecular Weiglits td Gases—Ajiproximato I^ftiTinination of (Jas Deus^es 
—Bunsen’s Motliud—Appioximate i)etcrnii]iatiou of Vapour Doiisily—Tlie 
Metliods of Dumas, llot'iiiann, and Victor Aleycr. Vapour Donsitie.s at Higlt 
Temperatures—Molecular I'orniuhe—Associalion and Dissoeialiou. 

The Determination of Moloculaf^Weiglit in Solution - Molecular Weiglit Detii^mina- 
tiou from O.Hinotic Pressnie—Itaonlt’s Cryoscopic Method — Hcckmann’s 
Ajiparatus--Molecular Weiglit by Deprcs.sioii of Vjijmur Pressuto—Ebullio- 
scopic Methods—Elevation of Boiling-Point,— Beckmann’s P>oiIing*Poiiit 
Apparatus—Landsberger-Sakiirai Method—Molecular Weight by Conductivity 
Measurements—CoiiSKlcration of the Kosiilts—Influence of the Solvent in 
Molecular Weight Doleiniinations—ilulecular Formula: of Inorganic Sub¬ 
stances—AbnoJi^ul Molecular Woinhts. 

The Moleculai Weignis of Pure Liquids—Method pf llamsay and Shields—Morgan’s 
Method—Trouton’h --Walden’s Method. 


Chapter vrChemical Change . . . .159 

•Types «n Choraical <'hangc—Combination and Dccomjtosition—ftissociation—Dis- 
plilcoiuent—Doitblf Vc^omposition and Substitution. • • 

Theri»oclielfli^ti’^-ylJistotical—Tlieimoclierine.il M<;thods and Nutation—Heats of 
|,^yrniation^nd of SuluLion—Some Tlieimucliomical HesiilLs. 

Choniiciil AtTmity—Views of Ikagniann and liorthollet. 

Chemical Eqiiilihiium— Homogeneous Sysfem.s—■ lleterugoiieoiis Sysloms—The 
Phase Kulc^•displacement of Equilibiium. 

Ratoof ChemicdtClunge—Inlhieiiccof Tcmjieraturo afld Medium—Catalysis, and 
the F^'xualion of Intermediate Compounds. 


Chapter VI. Acids, Bases, and Salts *91 

* • • 

HiAoi'ical—AdKls -Oxulus, AOilic, Hasiti, find dJeutraf—Hydroxides, Bases, and 
’ Alkalis—Salts—Ilydr.ites—Iionble and Com})l(‘x Salts, ^ 

Elcctrolysif?—Noniemdatuvo and Farltday’s Laws—Conductivity of Electrolytes— 
Kohlrausch’s Law—Equivalent Conductivities—Ionic Conductivitios-Mij^a- 
tiou of Ions—Traiispoit Numbi.r.s. . 

• Tlic^ry of hiliik Solutions—Theory of Electrolytic Dis-sociation—Degree of Dis.w.ia- 
tion of S.i^s--DisMiciat.ion anu Freezing-Point Measurements—Infermediafe 
qndComidex Lms -^Ipilraliori ni Aqueous Solution—Dissociation of Acids .and 
• Bases—S^ie .Vj^dicatumsV the Dissociation Theory—Apnlicatioii of the Laws 
©f Chemical Eipiilibriuiu-i-Uelativo Strengths of Aci^aana Bases—Salt Hydro¬ 
lysis or'Uydrolytic Decemposition. 



CONTENTS., 


XVll 


f 

, I'AOB 

uiuPTBB vii.^The Determination of Atomic Weights and 
Equivalent’or Coipbining: Weights 

Introductory—Detormumti^ii of Atomic from An-ilynia of Uascoiis Com¬ 

pounds—Detcrmiiiatiuiiof Atomic Wi'ii^litsby Approximate llctluxi-^—.Spectro- 
scopic Methods—Scries l.iims. 

Precautions to be observed (Iunu,'c tlio Accurate Doternuimtiini nf Al<mi!?! Weiglits 
—’llie Atomic Weight nf I^hiiim—Prepavafloii of Materials-—Diymg and 
Weighing of Litliinm Chlorido—Preoipitaling and Weigliiiig Silver t blonde— 

The Atomic Weight of Nitrogen-Prepaiation and PuiilifMlum of Nitrogm 
Cwnpounds used—Analysis oi' Nitimis ()xHk‘—Density .Measurements—Sum¬ 
mary of Results. 

% 4 

CnApTEu Vlir. Classification of the Elements . 2S5 

Classification of tho^lomei^ts -Ltoebercincr’sTiiads—TheT< lliiric .seh'W 'I lie Law 
of Octaves—Tin; I’triodic La\v--Lolliar Meyei’s Atomic \’oIum(' Cmve—(.itliev 
Periodic Properties ofllie ElemeiiL.s—Impeifectums of the I'eiiodie (Jlassilic.i- 
tion—Advantages and Moihtications. • 

The Structure of tlm Atom and lU Roiring on the ifeiiodic (Tiss.iie.ilioii - Radio- 
Elements ami the Table, 

4 Valency—Valency a Variable Piop'^rty—Valency and tlic Periodic Classilicalion 
—'iJkcory of Valency. 


PART It.-TIIK, [NKRT (IASI';S. 

CiiAi'TER I, Introduction ...... 

Gc'ntinil Pi'ojiertic^ of LIio. Inert tlnseb—i'lio i'u.siti(,ii ol the (Ji.se^j 111 Llio I’otioille 
Tabic. 

Chapter II. Helium . 

History—Occuiionco— IsulaUon and P(?i ifu-ation—Pi o|hii ti.'-r J i lelmm -S[>cclrum 
of Helium—LvjUi.'ficLioii--(hiemical Ineituess -Atomic ^eiglit^ol lli.duiin 


CnAPTi'ift*!!!. Neon 

History— Occur.cnro-.*fsulatmti of JN-.m -1 lop. rucs—ispvcLtum or Aeon—Lnftio- 
faction of Neon—^tomic^WcigliL, 

CnAPTEH IV. Al’gOll . 

History—OconiTcitce and Isol.ilion —Pliysic.d I’lopoitics of Argon - ^Spiu;!rum of 
Argon — Liipiofaclion — Chemical liicitnesa— Ibd.ectiou aiid ^j^iimitioii of 
Argon—Atomic Weight. 

CuAi’TER V. Krypton . 

Hiiilory, Occurrem5fc, and Isolaiiuii—PiojiciUes of Kiy'ploii - llic Atmuic \\ eight. 

CiApteu VI. Xtfnon 

History, Occiutoiioo, and Isolation ot Acnoti iTopeitie' anu Aioniic wcigiit. 

tin.u’TK# YU. Niton 

History—Oecun'cnce—Isolation ami l^oiiiirties ol Hitoii—lUiiionsLivo tUiange. 


Namk Index 
SSeieot Index 


361 

371 




JUlbX UX UHIEF ABBRh^VIATIONS EMPLOYED* 
IN TIIE liEEEllENCES. 


Abbreviated Title. 


.Touknal. 


iijier. Chem.tJ.^ . 

Imer. J. iSci. 
inal. I^is. Qtiim, . 
tnalyst 
tnnalen 
tnn. Chim,*. 
inn. Chim. awd. 

im. Chim. appiicata 
(«n. Chim. Phjs. 

. Fa^;^. 

'wri,. Min. . 

Ann. rhya. . 
riiysik 

Arch. Phami.^ . 

Arch. Sci. phys. nat. 
Arkiv Kern. Min Ceol. 
Atti R. Accad. Lincei 
Be.r. 

Rtr. dent, physical. Oes. 
Bull. Acad. roij. Belg. . 


Bull. Acad. Sci. Cracow 
Bull. Acad. Bci. Petrograd 
Bull. Soc. chivi. . 

Bxdl. Soc. chim. Bdg. . 

Bull. Soc.^ d'Enc. p. Vlnd. 
naiionaU 

Bull. Hoc. franc, Min. . • 
Bull. U.S. Oeol. Survey ^ 
C%itr. Min. . 

Chem. Ind.*. 

Gkem. J\'ev)s. 

Chem. Weehblad . 

Chem, Zeit. . 

Chem. Zcntr, 

Compt. rend. 


Dingl. poly. J. 

QazzfUa 
Ocol.tMaa. . 
hdetn.ZGiiscii. Metall^y. 
•kihrh. Mm. . 

Jahrh. Radiodkliv. Elect 


J.^mer. Soc. 
J. Chim. phys. 

J. Coll. Sci. Tokyo 
/. Franklin Inst. • 
Ind. Eng. Chem. 
J. Bharm. Chim. , 
J^yaique . 
Jf^yaiaU Chem, 


phh 

'ronik 


Ain<Ti(an Oiemioal Joiiriial. 

Aiiu'nr'un Journal of .Sxii'iifo an<I Arts 
Aiialrs do la Soi'ieda<l Esi.antda Qiumic». 

Tlio Analyst. ^ 

Ann.al(‘ii dor Oirniio. 

Anilides do Cliiniic {1719-ls]r», and 1914 + ), 

Annales <lp (liguie analytiiine appliijin'o i riudtistrie, 
rA'jiioulluic, a la^MiaiTiiacie, ct i la liiologie, 

Annali <ii Cliiinica apjiiicata. 

Anuak‘3 do ('liimio ot <io I’hysinue (1816-1913), 

Annales dos FaKilicaiionH. 

Aiiiialosdos Minos, 

Aiimdcs do PJiysi'jiio (1914 +). 

Aiiiiaku dor Physik. 

Aicluv dor Vliarnmzie. 

Arohives des Scionoos jihysi-juos et naturolles. 

Arkiv for Kciiii, MiiieiMlogi ooh (leologi. 

Atti dolla Realo Acoiidoiina rniicei. 

Borii'lifce (lor dontsclion cliemischen Gesell.scliaft, 

Boru'lite dcr dciitsclu ii idiysikalisohon Ocscllsohaft * 
Acadi'-imi' loyalc dc Bolgiqiio—BidleLiu do la Clasae des 
Scienoos. • ^ 

Bnllelin 1 * 1(01 Jiaraonal do I’Aoadi'iuic des Sciences de Oracovie. 
BiillcLiii do rAo-idikiiin Tnij«'nal(^os Soienco-s do I’etrograd. 

I lullelin do la Soo^Ho ('liuinqiio do Franof. 

Bulletin do la .Sucn'ie olftinique ffo'Bolgi(|UO. 

BiilloLin do la Su(foti^ d’Kiicourafement piijf rindiistrio 
iiatioiialo. I 

Bulletin do la Socid-t^ fran^aiso do Minft’alogie. 

Bulletin of tlm United States Gooloj^oal Survey. 

Uontiulbl.itt (nr Miiierulogie, Geologie, P^outojogie. 
Dio oheimsclie Industrie. 

(Miomioal News. 

Clioimsoli AVetddilad. 

ChcniikorZoitung. 

Chifiii.solios Zoiiti.ilWiitt 

Comjiles reiidus hobdoinadairce ues oeaiiooa ue^ AOaaemw 
des Sciences. 

Diiiglcr’s nolytechtnsclies .Toiinial. 

(la^zettii cuiiiiica italiaua. 

Goolcgical Magazine. 

Ii*toi'ii!itioni] Zoiisoliri^ftir Metal#graj)l)ie. 

NeJcsJniirlnicli furAlinoralogio, Boniogio.ui.^Paleeontoltgie. 
Jalirbuoli dor jbidi<iak(iv)lat und Kloolronik. 

.Tahresbenclil. ttljer di* ForLschntte der Clicjm©.* 

Journal of tlie Amorican Chemical Society. 

Journal de Cliiniie physique. 

Journal of ftie College of Science, Tokyo. 

Journal of tlio FraiikliS Ijjstitute. 

Journtd oflndusliialand Engiii^iing CJieifiistrv. 

Journal de Pharmaoie et do fthiimo. 

Journal de Physiipie. ^ 

Journal of Physical Chemistry. ^ 






MODERN IJ^ORGANIO* CHEMISTRY. 


Abbreviated Title. 

*/. prakt, Chem. . 

J. Roy. Agno'Hoc. 

J. liv,ss. Phyn. CJtcm, Hoc. 

J. Soc. Chen. Jwi. 

J. Hoc. Dyers / . 

*J. IVashington Acad. Hi 
Kr^loid-Aeitsi'h. . 

KX^veifska Vet.-Alcud. Jlmdl. 
Mim. Acad. Roy. Bdg. 

Met. Chem. Eng. . 

Min. Mag. .... 

Monatsh . 

Nooa Ac^ Hoc. Upmla. 
Pharm, Zeidr.-h. . , 

Phil. Mag. .... 

Phil. Trans. 

Phys. Review 
Physikal. ZeiLsch. 

Pogg. Annalen 
Proc. Chem Hoc. . 

Proc. Amer. Acad. 

Proe. Cainb. Phil. Hoc. . 

Proc. K. Akad. IVefcnsch. 
Amsterdam 

Proe. Manikester Lit. Phil. 
Hoc. 

Proe*Roy. Hoc. . 

Proc. Roy. Hoc. Edin. . 

Rec. trav. rkim. . . 

HchweiggeEs J. . . . 

Sci. Proc. Roy. Dt\id Sir. 
Sitzumjsber. K. Ah'd. /rJ.si- 
Berlin ^ ^ 

Silzunqshcr. K. A Lad. IV-m. 
• ^ '* 

South African J Sci , 

Tech. Pape^^o B\:r. St amt. '. 
Tonind. Znt. « .* . 

TraiCs. Amer. Ccr. Soc . 

Trans. Amer. Eira:froch' m.Soc. 
^^Trans. Chem. So^,.^. 

Trans. Eng. Cert^ Soc. . 

Tram. Famday Soc. . 

Trans. InU. Mng. Eng. 

Tsch. Min. Mitt. . 

Wied. Annalen . 

Zeilscfi. anal. Chem. 

Zeitsch. angew. Chem. 

Zeiiich, anorg.^hem 
■ Zeitsch. Chem. Ind. KoUoidc 

Zeitsch. Elektrochem. . 
Zeitsch. Kryst. Min. 
ie%tsch. pihjsikjxl. Chem, 

Zeitsch. viiss. J^ti^chem^ 


Journal. 

Jottrnal pmktischp CJiemie. 

Joimial Royal Agricaltuml Society. 

Joui iial ol tile Phj'sioal and ciieiiiicaJ Society of Russia. 
Journal of die Society of Cheuiical Industry. 

Journal oftlie Socioly of Dyers and Colourists. 

Juurn',1 of tlio M'asiiington Academy of Sciences. 
Kolloid-Zeilsclniit. ‘ 

KoiigK Svenska V''eten.slcaps-Akadeiniens JIandlingar. 
i\1onioire9 de rAcademic Royale de Ri*lgi(iac. 

Mplalltirgloal and Choniical Kngimciing. * 

Mino-alogical Maganiie and J,£?urnai of th(>Mineralogical 
Society. 

Monatshrfle fur Chomio und verwandto Theilo anderer 
Wissonsolial'Lei). • 

Nova Acta Region Soeiotalis S^loifiaariim Upsalioiisis. 
I’iiarniiiceiilisolie Zentialliallo. 

Piiilosoj>lji(j'\l Magazine (’I'lie London, Edinburgh, and 
.Dublin). 

Pliilosojiliical Tran.saotiona of the Royal Society of London. 
Physical Review. 

Pliysikalische Zeitsclirif't. 

Poggcndoril’s Annalen d<T Pliy^ik und Clicmie. ' 

Proceedings of the (Miemical .Soriely. 

^Proceedlng8 ol the Aniei'icuii .Academy of Arts ana sckbiccs. 
I’l'ocecdiiigs of the {’aniliridge 1‘liilosopliical ?^ociety. 
Koniiikltjkf Akadeiiiie I’lin Weteii.schappon te Anisterdatn, 
Proceedings (Englisli Version). 

Proceedings of die .\[anciie.ster Literary and Pliilosophical 
S0(!ie(,y. 

Ib'oceediMijs of the Roj.d Sociel.y of London. 

Proci-eilings of tile Rnyal Society of Kdinlnirgh. 

Ri'ceiiil de^ Iravaux chiiniqiies d.'S I’ays-lhis e't dela Belgique, 
Sciiweiggri'’s .loinnai fur < .'iienue und Pliysik (continueil as 
Jouinal fur jiraktiselie tin mie). 

Scn iitiliq Proeeediiigs of ilio Royal Dublin Society. 
vSitiimgslK'iichle del Konighch-Prrussjsehen Akadeinie der 
W /t>scnschaften zu Beilin ^ 

.SitziJigsbeiichle der Kuiserlichen Akademio der AVissen- 
sidiaften, AVien. c 

South Afi'ican .Toiiina] of f^riencc. 

Tt-chnieal I’apers, Bureau ofStaurlaids, Waslungton. 
Toniiidustne Zeitung. 

'J’raiis.ictioiis <ij the Amoiicaii Ceramic Society. 

Trans.ictions of (ho Aniciieaii Electroehoinical Society. 
Transactions of tiie Clteniical So( icty. 

Transa(•tIon^ of tlic Engdsli Ceiainic Society. 

Tiansactioiis of the Famday Society. 

Tiansaetioiis of the Iii.->iiti)tc ofjilinujg Engineers, 
Tsclieimik’s Mineialogi''eIie Milfciliingcn, 

Wiedemann’s Annalen doi Pliy.sik un<tCliomie. 

ZeitM-hrift fur analytische Cliemio. 

ZciA'^clnifl fur a#gewa)idl» Ch(%)ie. « 

Zeitsclinft fur anorgaiii^iie tUieniic. 

Zcitsclmlt fiir Chcniio niid Indiistrio des Kolloide (con- 
tBined as Kolloid-Zcitsclfiift). o 

Zeit.schrift fur Klekirochemie. 

Zeitschiil'L fur Im'stallngmphio und Mineraldgio. 

Zcitschi'ilt fnr^pliysikalisohe CJiemie, Stoc^iomotrie nnd 
, TerwaridlschnfDlelirc. • 

Zoitschnft fur wissenschaftlicho Photographie, Photophysik, 
un<I Photochemie. 





VOLUME I. PART 1. 


INTRODUCTION 

TO 

MODEEN INORGANIC 0HEMI8TEI 


J. NEWTON •FKlENIt 

D.So. (B’nAM), rir.H. (Wuuz.), 

CARNKOIB GOLD MKDALLIRT; 

H. F. VLITTL?], ANu W.. E,. S.-TURNER, 

B.Sc. (Lond.), A.K.t).S., P.Sc. (LoKn.). ♦b‘?am). 






A'TEXT-iBbOK OF 
INORaAMC CHEMI-STRY. 


• VOL. I. PAl?T I. 

AN INTRODUCTION TO MODERN TNORGANIC 
CHEMISTRY. 


CHAPTER I. 

.THE FUNDAMENTALS OF CHEf/[ICAL SCIENCE. 

Introductory; Chemical and Physical Changes.~The various changes 
that bodies undergo may be divided into two classes, termed Physical 
Changes and Chemical Changes. Physical changes affect only a few 
of the properties of bodies concerned ; their consideration forms the subject 
of Physics. Chemical changes are of a more profound nature; the bodies 
concerned in them disappear, and their*places are tak(^ by other bodies, 
possessing other properties. * • 

It is not easy to draw a sharp distj||ution betwSn thtse two classes of 
changes, but the nature of tlie dili’en*uces bfetwcen*thcni may be indicated 
by a fe\f oft-quoted examples, (kuisidcr,* for exainpl* a piec#t)f sulphur. 
It is a pale yellow, .solid body of low specific gravity, ty' en rubVed wit^ 
a cloth, it acquires the property of attracting .scraps^ of paper and other 
fight obj^ts, i.tf. it iWumcs electrified. It stiK refaibs its^ (Ahqj^proporties 
unchanged, however, and can be made to lo.se its new property of olectrificar 
tion without bringing about a change in any of its other properties. The 
electrification of sulphur is therefore a physical change. V^ori the sulphur 
is heated, it easily melts, forRiing a yellow luiuid ; ou cooling, it again passef 
into the solid state. It is not so easy to understand why this cha^pgo should 
be classed as physica?]; but for rca.soi^ that will appear later, clwnge of/ 
statOiis usually regarded as a physical phenomenon. 

•Mthen the piece of sulphur is brought into contact with a . 

profound change^ occurs. IJie sulphur catcl»}s fire, alfH bums with a Mle' 
•*l>lue flame; eventually it ^lisappears completely. At the lame ^ 

^characteristic smell is noticed, indicating that something has been produeed 
was not present initially. In fact, a portion of the surrounding ah'' 
disappears-with the sulphur, and^ colourless gas (snlpl^ir dioxide) w|jh. 
a powerful odour is produced. When aulphur burns, therefcae,chenfleat^ 
(mnge occurs.* . ♦ 

-Mercury or quicksilver is a mobile, silver-white* shilling l^uid of -liigh - 
’• ejwqifio gravity and boiling^oint. When a littia mercury is , 

:,b.fqr a consldeiuble time at a temperature slightly below its boilluff-ooiQi^i the 
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newi'ed body oa.the sarftwie qf the alerouryj': Ilere ggswn ine idr tetes pSW; 
fa the obangd. If the experiment ,.il parried out in. a clo^ vessel,^‘the redf 
body', eventually coqseS to be formed, and the ga* which remiiinf (mainly; 
nitrogen), is fo^und to differ from ordinary air since it extinguishes a lighted 
,piatoh. , , . . -. 

When the new red body (merourio oxide) i? heated in a tube, it darkens 
coiisiderably in colour, and ultimately becomes almost black. This is pnly, 
a physical change, and, on cooling, the body resumes its former appgaranOe. 
A chemical change occurs, however, when the body is more intonjiely heated!' 
^eregry is observed on the cool parts of the tube, and d oolourlesS gas (oxygen) 
is produced that ij easily shown to differ from ordinary, air since a splint 
of wood that just glows in air burets into flame when, plunged info the gas.' 
If Ahe heating is prolonged sufficiently, the red body completely disappears.' 

A chemical change also takes pl^ce when a little mercury and sulphur 
are rubbed together vigorously in a mortar. Much of the mercury and 
sulphur disappear, and a now black body (mercuric sulphide) makes .its 
appearance. ^ >,« 

Chemical changes are a matter of common observation in dail/’lif\: the 
burning of coal, oil, and gas, and the decaying of dead vegetable and animal 
matter are familiar proeeises whieh are readily seen to oomq, under this 
heading. The science of Chemistry is concerned with the elucidation of the 
laws relating to those phenomena. 

• The laws of chemical combination will be discussed in this chapter, and 
the classification of chemiciil changes, etc., considered later (see Chap. V.). 

The Conservation of Mass. —The Ijuantitativc study of chemical 
changes has led tv. the fornudatios of a fundamental law, which applies to all 
changes, both physical,and clicmicai. Thi s is the Law of the Conserva¬ 
tion of Mass a it mi, be stated in the form that /Ae mass of a system is 
vtnalter&l by any changs that eccwrf within it, or that in a chemical change 
the total m^fs of the nbstances that disappear is equal to the total m(iss of the 
svistances prodr^ced. For example, referring to one of the changes already 
Saentio'ned, the mSiss of the mercuric sulphide formed’is precisely equal to 
the sum <rf the masses of thq mercury and sulphur that disappear. In the 
chem&al cfflujge that takes place when sulphur burns, the law do6s_ not, at 
first sight, appear to bold ; but this is duo to the fact that two of the three 
bodies,aoncenied iu the cli.ange are colourless gases. When the diminution 
sintihemassot the surrounding air is delerminfd, and also the mass of the 
gaseous snbstaAce produced, it is foumi that the latter exoe is the former 
. by axaotl/ the mass of the sulphur that disappears. , . 

The discovery that, in the formation and dceompositioB of meroUriC 
Oxide, the combined masses of tlie mercury and oxygon taking part fn,the 
changes are equal toihe mass of the me||curio o\ide, <s duo,to Lavpisifi', and 
. is bl great hi^rical interest to the chemist, (n fact, it was by Layoisiec^ 
•^that the Law of the Conservation of Mass was firjt clearly perceived aod 
seated. It* is ..ot difficult to realise that such a law should have eacaii^itb& 

■ attention ot the early chemists, unacquainted as they were with the _lxiatM& 
6( differerit gjsoif and unaccustomed to jAacing any reliance on measuremWift 
pf mass (of weight) in interpreting tfie nature of chemical chaugel ' y 

' Ali^ougl^it is dififfcvlt fo realise how chemistry could exist as an exacts 


ifivoiaier, (Euvres, vol. i. p. 101. 



¥^tiiS^'it|^.Jiaj^,'Ot or jaa^ were noD true, iirmuftt lieyeiv 

^ bbtne lu tuliid that tlie- lawrcete n^ba a pui^^ experlmei^'.lK^ 
^.lU'tiTifch ieassumeci iri all quantitative tihemicai wdrlc, atfd tiw aa^UiSowl^ 
•ha« never tb conttaAiotory concftaions. The, indirect evidence Or ,^e ' 
validity of the law is supplemented by the results of direct, exgerimhnts,; 
Ospecialfy undertaken with tliowobject of putting the law.to thc*le8t. Tifteoi^ ■ 
different reactions were sluoicd by LandoTt'^ with the greatest care,' tho 
■ method employed being briefly as follows. The materials used in a reaction 
yrere cc^tained in the limbs of. a sealed, inverted U;tube, which, after being 
weighed against a similar counterpoise, was righted in order to mix the 
materials aud cause thS reaction to take place? The woiglit wa%thon observed . 
again. The contents of the counterpoise were tlicn mixed, and a third weir¬ 
ing made. The coi^hyiion finally reached by Landolt*was that in these, 
reactions there was no diircrcnco between the masses of the systems be{pre 
and after chemical change greaba* than could bo attributed to error in 
weighing. The latter was only O Od mgrm,,^nd the masses of the reacting 
8y^tcm8 were of the order of 300 gnus 

Additional evidence of the accnra<iy of the law is contained in the data 
suppjiefi^y Stas^ in his syntheses of silver bnanido and iodide; by Morley* 
and Noyes'* in their syntheses of water; by Kdgar-^ in his syntheses of 
hydrogen chloride, and by (Iray® in his analyses^of nitric oxidc.^ Hence, |f 
any changes in mass do occur in chemical reactions, they must be far too 
small to be of any practical importance to the chemist; and the Law of the 
Conservation of Mass may be classed among the exact laws. 

The Conservation of Energy.— Corresponding to the principle of the 
conservation of mass there is anotiier fundamental physical principle con¬ 
cerning mer<jy. Tlie general sbitoment of#tlio prinoiidc of Conservation 
of Energy is as follows:—** « 

The total energy of any material syf^tem u a ([uarSity which can neither be 
i'twreased noi' diminished hy any action he^ceenj-he pa.i^ts of %,e system^ though 
it may transformed into n,ny of the /ona* of which energy is suecyytihU, 

The energy content of the products of a chemical change Iflj, in general, 
however, difierent that of the starting materials, and^tnis is nAnifest^ 
•a a rule by the ev(^ution tor absorption of heat dyrjng the roaotion. This 
phenomenon will ho discussed in some detail in abater chaptes (Chaj'? V. jp. 161). 

Although the total quantity of energy in the universe is coustaiit, it i& 
not all available to man for the p\ir[)o.se of doing work. During every trans¬ 
formation some energy is converted into lujat, which ba^ipmes uniforadjH 
diffused and is therefore generally regarded us being unavailable inasmuch 
as further change is*deemed impossible. Jf this be granUd^ it clear that 
the total aviiilable energy is steadily Miminjshing, while the unaVMlftble 
engrgj)^ is as steadily increasing, and a time must come when all the avaihtj^le 

* lAodult, aUzungsher. K. Akl^. IVUs. Berlin, 18lfb 301 ; 1906, 266; lfi08,364 ; 
pkyHHl Chem., 189.5, 12 ,1; 1906, 55 , 689 ; 0/i(7m News, 1906, 93 , 271; review by Qaji 

1908, 6,*625. • 

?!'Stw, CBavres computes, Bruasels, 1891, vol. 1 . iip. 30S, 419. 

• Morley, Smithsonian Contrib\di(n\t, 189.'*, 20 , No. 980, 

♦ NoVc^ J. Ainer. Chem. Soc., 1907,%9, 1718. 

» Edgar, PhU. Tram., 1909, A, 209 , 1. * ' 

^Gtay, Trans. Chem. Soc., 1905, 87 . 1601. ^ 

.. ’ Walso Manley, Proc. Jioy. Soc., 1912, A. 87 , 202 f Ph^l. Tr^., Ili2, A. 2W‘2?7, 

0 • eWk Maxwell, Matter and Motion (Society for Promoting Ohrietian 

fimp- 00 . - . 
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energy of fchS universe will become unavifciiable, the ^jni verso iteelf Hfec^ming 
a unwonfaly hot, inert mass. ^This doctrine is known as the Di$si|>atf(>n (rf 
Energy^ The fact, however, that Ve are not at present acquainted mth 
any method of rendering uniformly heat avallablo does not necessarily 

imply that it is actually incapable of being rendered so; and it may well be 
that, by pVoce/ses nol^ yet understood, the so-called unavailable energy is being 
hontinuoualy transformed into available energy, so that the universe may 
never reach the state of equilibrium and inertness referred to above.^ 

Mixtures and Homogeneous Substances. — Simple infection 

reveals the fact that certain substances do not possess identical^properties 
throughout, ffhus, the existerfee of three different inaterials in granite is 
inftnediately obvious when a piece of that substance is examined. By 
breaking up the grAnito into wnall fragments, these ,.tlyee materials become 
mejjhanieally separated; and a furtlicr examination discloses differences in 
density, crystalline form, etc., between tlio three materials. 

On the other hand, a piece qf the mineral known as Iceland ^par shows 
no obvious differences in properties in diflercnt places, neither does it do sc 
when reduced to fragments. On the contrary, a careful study of the specify; 
physical properties" of tlie fragments shows that they are all spodfiTiegs ol 
the same substance. 

A substance, such as Icgland Spar, w-liiedi ordinary observation does tof 
show to consist of different parts, is said to be homogeneous ; the minutesi 
portion that can be mechanically d«dache(l possesses the same specific physica 
properties as does the substance in bulk. A homogeneous mass is also referrec 
to as a phase. Materials, such as granite, which possess different properties 
in different parts, are said fo be heterogeneous, or are called mixtures 
Chemistry is primirily concerned with the study of homogeneous substances 
and in the following jpages the term “substance'’ will be used to denoti 
“homogeneous substai^'e.” 

Solutions,— It wijl be ^een« subsequently that sub.sbinces may bi 
divided into three gro^aps. The substances belonging to one of thej^ group, 
are in many respects analogous mixtures ; accoi*dingIy, some chemist 
nestricb the appnektion of the term “substinx^u” to the other two group 
only,® excluding this pf\rt'culav group, winch comprises solutions. . o 

■The 8igV’fig4n«G of the term “solution” may bo best explained by means 
of an example. If a small quantity of common salt be added to water, it dis¬ 
appears, and, either as the result of long standing or of stirring, a homogeneous 
liquid mass is rfSt)tained, termed a solution of salt in water. If further 
additions of small amounts of salt bo made, they too disappear, until 
^ eventually^ limit is reached, after which further quantities of salt cease to 


* This point has been fully discussed by H. S. Shelton {The Oxford and Cai^)i^ge 

Jlcvim, 1912, No. 17, 158-180) to wlio^e nimiioir the r<%der iSfieferred for further 

detail^. ^ • 

t> It is a fundamental low that when a miniber of fjwdies are found to agree exactly in a 
fpw of their‘properties, further examcnation shows them t(t agree exactly in all their 
pr(*pertie,s; such bodies are said to be specimens of on© and the same The 

“substance” is therefore a conception derived by abstracting the projieriiea eojnmon to all 
Vpocimeni. Ey ^hiperties or specific propertied is here undcr.stood those, iuth as colour, 
faarduesa, spefeifi^f gravity, etc., which'are thV same in all parts of the bodice, excluding th® 
aittih^tes of tna.ss,t‘sbape, ato.j W’hich difTei'entiate the diirerent specimens and the 
of preBsftre, teniC-eratft»y, etc.^ which may be altered at w’ill. \ 

* Of Ostwaid, The Principle of Inorganic Chemistry, trans. by Findlay, 8rd editi^ 

(Haomlllan ic Ot>., 1908). ^ 
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di»Pfie«F remain to the-fiolid^jtate. Thus, salt ^nd wA^r may be 
brought xogefcher in any propof^os comprised^between certain llmit^'^th 
the production of a homqgoneoiia liqujji/^Moreover, ooptinuo\w»Tariji<3GBt itf 
the relative amounts of salt and water are associated with continuous changes 
in the. physical properties of the resulting liquid. In this instance,*the' 
inferior limit to the amo\int of salt is zero ^ the superior limit is found to^ 
vary both with temperature add pressure. 

. Although the constituents of the solution, salt and water, canpot be 
mechamcaily detached, as in the case of a heterogeneous mass, the separation 
can lieverWieless he ejj'ected by pliysical moans, namely, by causing one of 
them to undergo a change of state. For instance, by supplying heat to the 
solution the wateijmay be converted into vapour and thereby separated fr<ftn 
the salt, which renmijis in the solid state. Or, by cooling the solution, water 
may be continuously removed as ice, until, in this instance, after the remaining 
solution has reached a certain concentjation, further cooling results in the 
production of a hetorogoiicous solid mass of iej^ and salt. 

A solution, then, may be defined as a homogeneous the composiiifm, 
'••jhich may undergo continuous vanatlon {between the Iwuts of its existence)) 
andmtffitch may he separated into two (or more) komoi/eneous substances by 
processes involving change of state. Tliis definition does not restrict solutions 
to*any particnlar state of matter. Accordingly tiiere may be gaseous, liquid, 
and solid solutions; and a substance is classed as a solution when, by 
processes involving change of state, it can bo separated into a number of 
other substances A, U, (J, . . and forms one member of a series of substances 
the compositions of which range over all the possible proportions of A, B, C, 

. . . comprised between certain limits. 

Solutions arc usually classed as mixtures, being rof^rt^d to os “homo¬ 
geneous mixtures’* in order to distinguish them fro^i the class of mixtures 
previously mentioned; occasionally, however, they aridescrijied as compounds 
of variable composition.' * • •, 

Theisabject of solution is dealt with ir#a later chupier (see Cljfip. III.). 
Hlcments.—Various substances have been already m»*ntioned that do 
not fall under the* heading of solutions, e.g. mercuryf sulphur,* oxygei^ 
%iercnrio oxide, mercuric ^lulphide, sulphur djpxida, ;ia4t, and They 

are therefore “substances” in the narrowest sense of the iror(j. ♦^rom what 
has been already said concerning tliesc substances, it will bo recognisod that 
mercury, sulphur, and oxygen are in a way simpler substances than mercuric 
sulphide, mercuric oxide, iHid sulphur dioxide, for each the last tbr^ 
substances is built up from two of the preceding. In fact, ftiercimy, oxygen, 
and sulphur are representatives of the simplest class of substancra—namely, 
thogo which •have never yet been separated *11110 dissimilar parts, by anj 
piwqgsses whatsoever. Such substances arc called elements ; an element is 0 
distinct ^ecies of maftfl^ th%t has yet been ^lown to ^ cwiposite. All othei 
substances are composed of Iwo or more elements. • * ■ 

The term “elemeq^” was originally used in its modern significance bj 
jBoyle j;i627-91), and was clearly defineTl by Lavoisier in hft Traite (ft 
ekimie (1789). Centuries before the time of Boyle the word was in use; buf 
the ancients-and the alchemists tegaj^ded Uic “cleinenW*’ i^t «.8 materig 
substances, bfit rather as the fundamental qualities of different sflbstanoes. 
About eighty elements are known at the g^esont d^; ^ list qf their 

# ’ ~ , 

> Of. Kahlcnteg, OuUinea of Chemistry (Macmjllan * Co., 1909). 
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.argorti trypt^n, xenon,' niton, byarogen, oxygen, nittogen, a^o^ Ipijne 

^0 gsaSoua at obffinv^n tem^rati^S,^ tiromine ap4 meroHry'are Bqaidij 
tto remaining eleraonts are solids in ordinary circumstances. Oiuy a feij 
opoaf in toturs in the free state. Some elements are much more abiipdt^t 
fiian others; the following table,gives, according to F. W. Clarke, the average 
ConiposStion of terrestrial material (including tlfe earth’s crust, the ooeauj and 
the atinosphere):— 


Element) 

I’or cent. 

Eiiyinent. 

Per cent. 

t Element. 

Per cent. 

OxyKSD 

«. 

49*8 

Potassium . 

2*28 

Paivim 

0*09 

•SiJioon 

26*1 

Hydrojjen . 

0*95 

Manganese 

0-07 

Afuminium 

7-34 

Titanium . 

0*37 

Strontium . , 

0*03 

Iron . . ■ . 

4*11 

Chlorine .' 

0*21 

Nitrogen . 

0 02 

OA)ol\)m . 

819 

CarbtJii 

0*19 

Fluorine . 

0-02 

Sodium 

2*33 

Plioapliorus 

0-11 

Kernaiuing ele- 


Magtioai^ 

2*24 

Sulphur . 

0*11 

ments . 

0-48 •• 

k O - 


A distinction should be drawn between the terms “ element ” %hc 
“elementary substance',” the elements being the difforenf species oi 
matter of which elementary substances are made,’ Thus, oxygen anc 
mercury in the free state are elementary substances, while mercuric oxidt 
•(vide fupra, p. 4) contains the two elements mercury and oxygen. Thh 
distinction of terms is not always maintained, and very little ambiguity it 
thereby occasioned; but it is often convenient, for an element may exist ir 
the free state in mSre than one form. There are, for instance, two elementary 
substances corresponding to the one element oxygen. This phenomenon h 
tennc|d allotropy; if is exhibiteej, by numerous elements, and will be 
i'seussed later (p. 64). ■' ' ^ 

The eleitfnts mayHie divided into two classes, metals and non>fnetals. 
The, divifpon is nl 3rely one of convenience, and is irapcr.^oct, for no hard and 
^t line, of demarcation between the two classes can bp drawn. The Morij 
wMftdiinoli^p the, gasoouf elen.onts and bromine, sulphur, selenium, tpllurinm, 
fdwsphonis, arsenic, carbon, silicon, boron, and iodine; tlie mlals comprisf 
tire refnaining elements. The names of the metals and non-motals discovered 
during the last hundred years usually end in -inm and -cm respectively; the 
femes “seleniu^'*’ and “tellurium" do not conform to this rule, since the^ 
Wbstanoesjwere originally classed among the metals. 

■ Gold, silver, iron, copper, tin, gnd lead were known to the ancients 
juerouty was also known in 'very early times. Ttie metals as a class* art 
distinguished by certain physical properties. They are opaque in iiBk, 
possess a oharacterigtfc lustre, and are (ntsre or, !6S8)“mallesbIe and ductile 
.they'kre good conductors of heat and electricity. The formation of aHoyi 
&<mld.also J)6 mentioned (see pp,,nO, 116). Kach of the metals, howsysk, 
dqes -not exhibit all of these properties in a high degree; for oiample, siop, 
feismu&j'ftnd anti^iony are brittle, and hppee were regarfed thfoughout,th< 
Kiddle Age^ as.semi-metals. Moreover, some of these propertlejare’posse^et 
^.*«wtaih nontmetals; iodine and tellurium are lustrous, whilst silipop. 
^l^ite and,«6t Wt, boron readily conduct electricity. Fom(a:ly;-;al: 

£ . —^ . . — ; - — - ' '- T ^ —Jf— y 

wm olearl? indiofttwl by Meadel^efF {AnnaUn Suppl.^ 






-t# posaeM Iii^ dei^itiea^ a%. tfei 
stiSni WiM“ soiinim and potass!am and detnoni^t^ l^air qitei^* 
llw'inetalli^^ i^ge^^irywas admitted ift 

wia ^fo*e**‘ . * 

Hie. non-metals differ widely in thoir physical properties* tidmo^ Ol 
demure gases; the solid non-rnotals arc battle, possess lo'wf densities, ^d 
Maally have no lustre and vei^ little power of conducting heat or eloctiioity. 

- The .metals and non-metals are distinguished not only by their phyaiew, 
but.als* by tlieir chemical properties. A discussion of tho latter,, howev^, 
muBt be poBtponed tilljator (see Chap. VI.). - ' ' . - i- 

. The difficulty of drawing a dividing line between metals an<> noa-i^etalB^ii 
3 learly shown by*the existence of an alternative raetlioij of classifying the 
alements, which divides them into three groups, namely, iwn-met<U8, mte^oid»i 
ind metals. A metalloid is an element which, although it resembles a 
in most characteristics, yet lacks some one or more of the featnree wbiob 
typical metals generally present. Usually, tiie metalloids possess th© font 
or appearance of metals, but are more closely allied to the non-metals, in theii 
Chemical behaviour. The following elements are included in tho metalloids;' 
hydmgem tellurium, germanium, tin, titanium, zirconium, arsenic, antimooy 
bismuth, vanadium, columhium, tantalum, molybdenum, tungsten, anc 
uranium. I'he name ‘Unetalloid” was introduced by Erman and Simbn jl 
ISOS'? to describe an element that resembled a true metal. In 1811, however 
Berzelius employed the term as synonymous with “ non-metal," and at fch.i 
present time it is still used by some chemists in that sense. It is perhap 
best, therefore, to avoid the nso of tho word “ metalloid ” altogether. 

Although to the chemist the elements are tlie ultimate forms of matter 
from which other substances are built ^lp,^t does not follow' that they do no 
P^ess a complex structure, lir'rcccnt years elemouts have been discpveret 
whioh spontaneously break up into other oloments."* Vneso ^hanges, howeve^ 
which proceed at definite rates in accordance wiih a simple law, would, 
BOem toebe beyond the power of the cliefnist to contBol. • 

Compounds: Law of Fixed Ratios: Law of .Multipje ’ 
portions* — Two of tl)o three groups into which substances may be (hvided 
Save now boon deaUVith--%ianiely, solutions and clehuiutary sybs^ceSj-p^d. 
the.thirds group, exemplified by mercuric oxide, mcrcuric^sulphide, Ertilphur. 
dioxide, salt, and water, now calls for attention. Substances of this group do 
not possess tho properties of solutions, but neverthelc.ss they are compewt^ _ 
iiX the sense that each contains at least two elements. 'They are <^ 1106 . 
chemical compounds, or simply compounds. Each of jhe abovor 
’mentioned compounds contains two elements only. t T 

^ 0 .elements, present in a compouna are s«id to be in a state of cheffiic^^ 
eotnt^iwn; and the chemical composition of the compound isa 8 tatem^t, _ 
tisuaily expressed in jA^rceKtages, ^of the rc^^tive projwrtions in whioh^tpe. 
foments occur. It may be btated at once that, as would be e»poctedi 
.which possess identicaCpbysical proi^rtiesjire also found to possess 
'^emicid compositions;* tho converse, however, is not true. '':-jp’ 

: Turning now“to a consideration^of the compositions of binary. 

I'J rjwTUden, HiUroductim to Chemical Philosophy (Longmans & Co.), 

^ . \5EnD*tj and Simon, Gilbert’s Anmlen, 1808, 347. „ ®. i 

•>'fy..Vol. III. (Radium); Vol. V.(Thorium); Vol.VIr.(Uramqn^. 

^^'.Rocent resBfttches iDdicate«that there may be exceptions to 

Chemistry o/th^ Jiadio-ekmnts (Longmans it CoJ, 2 parts,1911-1^ ' 
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ie, compounds contaimiig Only two olenfents, the qhiatiOtf nfttflraliyTSrteca ad 
to tho, number of compounds that two elemehte are caj^ble of formfii^. 
T|ie answer that eJtperiment fumi^^e^is very single. 'J'wo elemnU 
with pne 'another in a limited nfimher of definite raiioe, Separated hp finite 
inter'^s} T^ia may be called the Law of Fixed Ratios. As a rule, the 
|)umber of ratios is quite small, yarying in different cases from one to five or 
six ; bat the combining ratios of carbon and hydrogen are very numerous. 
To tak^ an example, carl/bn and oxygen unite to form three gaseous compounds, 
known as carbon suboxide, monoxide, and dioxide, in which the carbon and 
oxygen are in the ratios of 1 to p-8889,1 to 1*333 and J to 2*667 respectively.* 
Any gaseous body that conUins carbon and oxygen only, but not in one of 
tlJb three ratios ji^t quoted, proves to bo a mixture; and even if its com¬ 
position is represented by either of the last two ratios^tho possibility of its 
beiiig a mixture (of some or all of the oxides and oxygen) is not excluded. 

The Law of Fixed llatios became doHnitely established as a result of the 
classical controversy between Proust and Perthollet® which lasted from 1802 
to 1808; and subsequent work has served to demonstrate the exactness of 
the law. Althougli the work of Proust was sufficient to satisfy^ his ^oif- 
temporaries as to the correctness of the law, his analytical results w'ei» not 
particularly accurate, and partly, perhaps, for this reason, he failed to observe 
a remarkable connection that exists between the various ratios ki which two 
eleihents are found to unite. The combining ratios already given for carbon 
and oxygen will serve to illustrate the nature of this connection. It will' be 
noticed that 

0*8880 : 1*333 : 2 *667 :: 2 : 3 : 6 , 


i.e, the weights of^oxygeu that separately unite witli unit weight of carbon, 
are in the ratios of small whole numbers, /riiis is only one illustration of an 
experimental genemlisjiyon known as the Law of Multiple Proportions, 
which may be stated in the following manner: — 

When two elemenf^hnite in mor^. than one nitiOy the mveral weighU of one 
element ihefttomhine with a fijced weight of the other element are in me ratioi 
integer}. \ ^ 

The-name of Dalton^is usually associated wi^i thisjaw. Its history i| 
very i|),ter^in^, Jor it is almo*st certain that Dalton first of all deduced the 
law a neceslary consequence of his Atomic Tlieory, and afterwards found 
in. the compositions of olefiant gas and marsh gas on the one hand, and carbon 
jponoxide and dj^xide on tho otlier, experimental confirmation of his views. , 
The early awalyses, tho results of which constituted tho experimental 
basis of the Law of Multiple Proportions, were naturally somewhat crude and 
* inaccurate; the perfection of^ analytical methods, effected sineg the law was 
enundated, has enabled chemists to submit the law to^a more rigdrous 
exa>!nination, and thereby to demonstrate its exactness. One example will 
sufiice. Giiyaand B^dan (vidi infra^ p.'279), ij*their grafimotric analyses 
^f nitrous oxide, obtained tho result— ^ 

nitrogen : oxygen :: 1*75100 : 1; 

'• \i3e6HaAogj^A/'aT«r«, 1894, $0, 14Q. , .j - * ^ 

■ * Carbon luboxide cannot bo ForniieUffiV««% from its elemonts. A four® oxide of carpon 

isllQOWn, but Is 8Slid,at oi^ioary temperatures (H. Meyer and Steiner, Ber.y 1913, ^6, SlSj 
J’ftiraTd.'TVoc. Ac., 1913, 100). ^ . /va 

' Mus'Freundj 7'ke Study ef Ctwmical Composiiion (Cambridge University ProM), 190<|. 
v,;; see aUo Hartog, Naty,re, 1894, 50,149. 





tHfi ?^DAmENTA1^ of 8(?mN0a^ ■ li‘. 

%he a&|l^S*bf«)itno oxi<;[e effected bji Gray ^ led to the 

nitrogen : oxygen 0-87963 : 1; • ^ 

tndlastly, Guye and Dr^ugiuine (viSe i^fm, p. 264) obtained the foUqwittg 
result for the composition of nitrogen peroxide— * 


Now, 


nitrogen : oxygen :: 0*13782 : 1 
1-76100 ; 0-87563 : 013782 :: 3-9904 : 2 ; 1-0000, 


and the thi»e last numbers are in tl»o ratios 


4 : 


2 : 1 


within the limits of o^n^-iiuoutal error. 

Law of Equivalent Ratios: Combining Weights-— Continn^g 
the inquiry furtiier, another problem presents itself. Is there any connection^ 
between (i.) the ratios in which two elements qpeur in compounds which also 
contain other elements, and (ii.) the ratios in which the same two elements 
combine to form binary compounds J fleiv, again, a very simple re]||rtionship 
has K|ell Observed. The ratios (i.) and (ii.) are all related to one another in 
a simple numerical fashion. One or two instance's may bo quoted. The 
cOTHpound nifrosyl chloride contains nitrogen, ox^cn, jind chlorine, and the 
ratio of the nitrogen to the oxygon has been found by Ouye and Fluss 
(see p. 254) to bo 0-8754 to 1. This is practically identical with the 
ratio alrea<ly given for nitrogen to oxygen in nitric oxide. The ratios 
of lead to sulphur in lead sulphido and lead sulphate were shown* by 
Berzelius in 1812 to bo equal, hater, Stas showed that the ratios of silver 
to iodine in silver iodide and silver iodaU were exactly ejjual, and obtained 
similar results for silver bromide-»ailver bromate anc^ silver chloride—silver^ 
chlorate. 

•The Law of Multiple Proportions onl}^cDns4itutes.^however, part of a far 
more coq^prehensivo law, dealing with tlr^ compositiogs of all gompounds. 
This law may now be considered, binary compounds being the firet to receive 
notice. • ‘ • 

• Both chlorine aftd bromine unite with almost^ ajl •'the othe^elements, 
forming sTrbstances the compositions of wliich have in many cj^eifneen very 
accurately determined. The following results are typical:— •• 

(i.) One part of silver combines with 0-328668 of chlorine* or withy 
0*740785 of broHi^o;-^ and 0'328668 : 0'74078&':: 1 i 
(ii.) One part of potassium combines witli 0'906908 of chlorine * or with 
2-044()8 of bromine;*' and 0*906908 : 2*04408 :: 1 
(iii.) One part of mercury unites wtth 0-363491 of chlorine’’^ or With 
• O-7966'IO of bromine;* and 0-353491 : 0 796610 :: i : ^'^9, 

♦ % . ... 

' Gray, Trans. Vheyn. Soc., 19^5, 87 . IijOI. 

* Berzelius, vide infra; cf. Ostwald’s Klassikcr^ 35. , . 

* Bichards and Wells, (kimeffie Instilutum Pteilicahons, Washington, 1605, Ne. 28; 


4mer.0Chem. Soc., 1905, 27 , 459. 

* Baxter, J. Armr. C'luni. Soc., 1906, 28 , 132‘2. . ' , 

* Richards and Stabler, Carnegie Instnutxon Puhlications, Washiiigton. IftO”, N<^„89g 

Amr, Ciim.. Foe., 1907, 29 , 623. v v * - vt 

* Richards and Mueller, Carnegie Institution Paiffcaiions,1907, No, 69; 
rinur. Chem. Soe.^ 1907, 29 , 639. 
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riU tihtbrid^s aad bromidg^, the-compbsitwBa-.of'wtioh .TO 
the 0 f Mtthiple- Proportions, it may ther^ore be stated tbafr^.t^' 
qupStities of-chlorine and bromine that unite with a fixed quantity qf odeu 
j^emept; are either ija the same ratio as are the quantities of those two' 
elements that unite with a fixoS quantity of *ny other element, or else the' 

- ratios ^re simply related. , 

'• The preceding generalisation is found to bold not only for cbloyne and' 
bromine, but for any two elements whatsoever. The general s^tetnent of 
the law, known as the Law ot Equivalent Ratio!, may btf expressed in 
\t!?a following manner:— ^ 

• . ■ (The rutio9 of the masm of two elements that c^j^inc with one and the 
sape maei of a third element hear a simple numerical relationship to the ratios, 
^of the masses of the two elements that combine either with one and the sawfi 
mass of dny. other element or wi^t one mother. ' 

For example, in nitrogen peroxide one part of nitrogen is combined with 
2*28404.of oxygen,^ whilst in nitrogen sulphide one part of nitrogen is coaa- 
bmed with 2'28901 of sulphur.® But, 


2*28404 : 2*28901 1 : 1‘0022, 

and aocording to the law, there should bo a simple nuincrical^rolationsbip 
between this ratio and the ratios in which oxygen and sulphur combine 
together. Now, in sulphur dioxide the ratio of oxygon to sulphur is 1 to 
1*0020,*-which is practically equal to the preceding ratio. 

The law may be expressed more concisely by introducing the notion of 
combining weights or chemical ^equivalents. The comhiniTig weight Or 
chemical equivalent of an element is the giumher of parts hy weight of the 
element ‘ that combine ^nth 8 parts by weight of oxygen,^ In view of the 
existence of th^ Ijaw jf Multiple i^roportions, it is clear that an element 
may have .a numbeg of combmii^ weights, which will be in the ^ratios of 
Simple inte^rs. The Law of Equivalent Ratios may now bo stated in the 
ioRowiilg mannSr^and called the Law of Combining Weights■ 

■ Elements combine witp one another in the ration of sineple multiples of th^ 

wn^ipin^ceidhiS’ * * •• 

. Iij discussing this law, binary compounds alone have been so far considered, 
but it will be clear from what has been already stated a1^ the beginning ol 
kids section (p#^l) that this restriction maj^ be removed, and that ikt 
composition^ ofiill compounds conform to the Law of Combining Weights. 

The (teuermination of combining weights is a matter of fundamentel 
impoHance. According to the preceding law, the c6mbining weight ot.^ 
element may be determined either directly with rcfererfte to oxygen, bi 
mdrre^tly with reference to another element of ki^wn combining 
Jhe^ latter igethod IS employed more dften than the fofmer, and thus 'i1 

y LThe (^ta fot the chlorides and tromides of sodium, cahijuin, silicon, titaniuijQ,. etc 
vide hfra, p. 18), lead to the same value for the ratio. 

*.Ouye and Drouginine, videinfrUy p. 13. 

I BurtahdProc. 5oc., 1911, A, ^ 5 , 82. 

■ fhan the ratios oxygotf : tenurium dioxide :; 0*200480 al An 

POlsnl 1905, 342/a26d), aul tellurium dioxide : sulphur dioxide :: 1 : 0*40180 (l&ke]r |h4 

IVa^ SM.ri90f, 91 , 1849). , , 

*.^e..vauie 8' is chosen for oxygen as being one-half its atomic wei(^L:*^wblcibd 
fifed as p. 231). . 




i‘fi»|^MW|ia|^ «u(®\tK^ dffen atiHadd/itt i^lcui^iimg thd^dPBifl^fe 

' v^tds ' w .fcjtft others. TIieBe *^^fundftineiifcal” c^Qibiaipg' i^ghtk J'pK 
. ^; ehlorme, broinifie, iodine, liydlogen, nitrogen,-. <^bon, 

:iodidm,' wid potassium. / ' 

‘ . ,,'Xbe preeantions necessary in the accurate measurement *of -combining\ 
Wfligbte are fully dealt with .later, in ChaiT. Vil. For the caloii^wjr ot^- 
oombining weights from all the moat reliable data, the student is i^etre^'' 
elsewhera.^ A few simple calculations, which will serve to illdsti^^ the 
, ,Ijaw' of Ubqjbining Weights, may nob, however, be out of place. ' v 

Since 1‘0G76 parts%f hydrogen combine ^ith 8 of oxygen to fohn water,® , 

. the Gombiuing weight of ht/drogen is r0076. One part of hydrogen iiniWs 
with 36-1935 of chlorjpe® Now, 1:35*1935;: 1-0076 :35*161, and hence the, ^ 
cOQibinmg weight of chlorine is SS'JtBl. Since, further, 0*328668 parte 
-chlorine combine with 1 of silver,^ and 0-328668:1::35'461:107'893,-fhe, 

. combining weight of iilver is 107‘89^. * . ^ 

According to Baxter,^ one part of icxline combines with 0-849906 of silyer, 
aijd as 0-849906:1:: 107*893:126-947, the combining weight of lO^he ia 
o In an oxide of iodine, however, Baxter and Tilley found thi^t tho 
oxygen and iodine were in the ratio of 8 to 25*3827 hence another combln** 
ingweight iodine is 25'S8'^7. Now, 25*3827 : ^^6-947 :; 7; 5-0018^ so that' 
the tw'o oomWing weights of iodine are in tlic ratio of one to five within the 
limite of experimental error. 

From the ratio, quoted on p. 11, of potassium to chlorine in potas¬ 
sium chloride, the combining weiglib of potcLssium is S9’101^ if that dJf. 
chlorine is 35*461. The sum is therefore 74-562. Now, potassium chlorate 
differs from potassium chloride in containing oxygei^ and is readily 
converted into potassium chloride by loss of oxygen. In this chatigo, 
1*64382 parts of potassium chlorate yield 1 of polj^sium chloride;^ but 
1 ;‘0*64382 74*562:48-004, and the liwt number is practically equal to 
48, or s^x times the combining weight oxygen. Hence, in potassiw 
chlorate, for each combining weight of potassium th**e is 'Ci5et>f chlorine 
arid six of oxygen. • *• » , - 

# Some idea may* be giifen of the concordance ^hat; has been 
between the various values, arrived at by difterclit methods, for*th€»6omj>iniog' 
weights of certain olbinents. The preceding proportion is Equivalent tOj 
1 :,0‘64382j : 74-555:48, which indicates that the sum of the ootefiiohigf! 
weights of chlorine and potessiuin is 74*552. The ratios ^Jroady givei^'ft^ 
pptesaium to chlorine, silver ^o chlorine, and silver to iodine 4hen 
yalu^ 89‘097, 8S'45S, W7'SS4, and t‘26-9S6 for the combming^efg^lji»:,bf, 
pc^toium, clijorine, silver, and iodine, which^only differ by 0-004, 

O-CfCg. and 0*011*from the values already deduced in another way. 

xmO' l»aw of Combining Weights is thus seen to bo exact: that is to 
46yiaUQD>3’^i^6 ob^brved greater thafi those foi*whieh e^ferimen^l errot 

_____ „ , _ _ , _ __j 

• • • -• ■ ■'/ 
d* OUike. Jieealaulation of Out Atomic ^yeights, Smithsonian Collections, Wasl^itODg' 
|^.^f4No.«(1910). , ■ 

; V Smithsonian CorUribntvmn, ft96, 29, No. 980. 

ft-EdWj Trans., 1909, A, 209, 1. • 


p. 11. 

Ji Amer. C%«m. Soc., 1910, 32, 1591. , 

Tilley, J. Amer.Chsm. SO 0 ., 1909, 31, 201; B»xterr<^<(f#fi^»> 
51eyer, Zeitsch. anorg. Chem., 1911,71, STo. 
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be respoMiMe. Its «ormou»-importance wi be at Oao6'obi^Wft;itbe afaldj? 
ofobBinioal.opmpoeitionwbuMbe.uBmanag^leijulfofthialaw. %* • 

♦ Since * a ^heniioal, reaotron is •ne in 'which a nunaher of ,substances, ' 
element^rj^ or compound, disappefr, Roing replaced by a number of others? 
it is' not difficult to see that the following law must hold for chemical 
reactions: th^masses of substances^ elementary or compomid, that are equivctr 
lent in fny one reacHony i.e. ickkk tmite with oy intei-act vnth the sam& amount 
of a third substancey are identical with or bear a simple nv/mericciX relation to 
the mhsses equivalent in any other reactiony including that of combination with 
each other. $ 

It was the results of experiments on the inteXactions of elements and 
osmpounds that the Law of Equivalent Ratios was deduced by Richter at the 
end of the eighteenth century.^ Richter showed, iiorrSctly explained the 
fact,.that when two neutral salts interact, the resulting salts are still neutral; 
ariR also deduced, from the fact (previously observed by Bergmann) that when 
one metal is precipitated from a solTition of a neutral salt by another metal 
the resulting solution is likewise neutral, that the masses of two motJils which 
neutralise the same mass of an acid also combine with equal masses nf 
oxygon. Further, Richter showed that the quantities of various bases ^asic 
oxid^) which neutralise a fixed quantity of one acid are in the same 
ratios as the quantities oj the bases which neutralise a fixed quantity of 
another acid. * 

Richter’s experimental results were only rough approximations to the 
truth; the first experiments having any pretensions to accuracy which served 
to demonstrate the truth of the Law of Equivalent Ratios were made by 
Berzelius in 1811-12,^ some years after Dalton had promulgated liis Atomic 
Theory.* The d^ree of accuracy of the law was subsequently made the 
subject of a special investigation by and from the results of his 

extremely careful an^. accurate experiments he concluded that the law 
is exact. 

The^^Law of Combining —The laws previously ^iscussed 

deal with xllcst^gularitios that are noticed among the masses or weights of- 
^ubstatf^es coDOTf/ied in chemical cliariges. The law •which expresses the 
YOlumO' relationships oL^erved in chemical reactions involving gases w^ 
di8coT^re(Nby*(jjj^y-Lds8ao. 'In 1805 Gay-Lussiic and Humboldt* noticed 
that when hj^drogen and oxygen unite to form water, the respective volumes 
of these gases that enter into combination are in tlie ratio of two to one * when 
paaasured at th^ same temperature and pressure. The simplicity of this 
relationship led^Gay-Lussac to the study of o?her gaseous reactions, and in 
180^ he #.mnciated the Law of Combining Volumes, which may be 
stated in the following manner: Whenever gasee unite., Ihey do sqinproportions 
by vblume (at the same temperature and pressure) which cart be represent^ by 


Richter, ^fangsgr^nde der ^ochiometrie^ Ueber die*'neuerm Oeg&HJttdnde 

f^ChmiCy 17^-1807. • ' : . 

* Berxeliu^ Gilbert’s Annalen, 1811, 37, 249, 415 ; 38, 181, 227; 1812,4b, 162,286; 

276. See Ostwald’s AVawiitsr, No. 35. , . t 

' >* cy. Miss Ida Freund, opws cU., chap. vii. ,, 

‘ •* Stas, fl) “ ReiXkerches sur Ics rapports r^oijt'oques dea poids afomiques,’* Bull, Jhd^ 
wv. B4g., [ii.], 10, 208; (Emres oAnpUtes, Brussels, 1894, i. 308«-418 ] (2) 

Vellee vecherclies les lois dea proportions chimi{iue8 sur les poids atomiques et leurs rappo^ 
mutuels/' M&i^, Aead. 1866, 35, 3 ; (Euvres computes, 1894, i. 419-740'. 

. .* OayyLussao and Tlumboldt, Journal de physique, Paris, 1806, €0, 129. . ,* 

. > e been previously ffiscoveied by Cavendish ir?1781, and published iip > 



' ci^scTcii' sfeiiiNCE'* ;f^ 

¥€ki(^^:if!itm^i htegm ;-, wnd this ^^Mionsk^ <dso extends to* the va/a^ 
yf Q^i^^secm svhstmcei^'odisced. ' ^ 

the examples' given- bj Gav-L^issac ^ i-erc the following :~j- 
One volume of ammonlR uniti witlronf volume of murietio acid (hydrogw 
jhloride), and with either one volume or half a volume of carbonic acid (oaflwn 
iioxide) and fluoborio acid (boron trirtuoride); nitron^ oxid(? nitrous gas, 
iod nitric acid {i.e. nitrous o^de, nitric o\id5, and nitrogen peroxide, to give* 
them their modem names) contain their constituents in the proportjpns of 
one volume of nitrogen to half a volume, one and two volumes of oxygen 
reapecti^Slj; two volumes of ammonia yield on. decomposition three of 
hydrogen andiOno of nftrogen \ two volumos ^ carbonic acid re^nlt when two 
of carbonic oxide (carbon monoxide) unite with one of oxygon; and t^^^) 
volumes of steam !lre'j)r(j^uced by the combination of two*of hydrogen with 
one of oxygen. ^ 

Unlike the preceding laws, the Law of Combining Volumes is not exact, 
but only appimimately correct. For exampl^^, accurate experiments® have , 
shown that, at normal temperature and pressure, the ratio of tho combining 
volumos of hydrogen and oxygen is 2 00261) :1. Furtlier, one volume of 
nitrcffis ojiido yields 1-00717 volumes of nitrogen (see p. 254). Those rosulte 
are readily understood when tlie approximate character of tho gas laws (see 
Cl^p. IL) is taken into consideration. It is probijjde tliat under exceedingly 
small pressufes the Law of Combining Volumes is an exact expression of the 
nature of gaseous reactions (see Chap. IV.). 

THE ATOMIC THEORY. 

Introduction. —The laws of quantitative composition jyeviously outlined 
find a ready explanation in tlio Atoviic. Theory, 

The idea that all matter is composed of miniitej^^divisible particles or 
atoms is very ancieut. Tho Creek phi^osupjiers lield thil view. Thus,, 
Oemocrittis (born 460 li.e.) referred tlio (^illerences^ u(^|weea sul^bmces to 
variations*!!! the size, shape, position, and motion of the ator’s'^oustitUting 
them; while Lncretii*, at the end of the first century of the ChristTan ora, i 
expressed views which sonu<l very familiar to tliose ^uri'ijnt to-day.^ A solid 
he regardf^ as atoms squeezed closely togethelV; a liquid -as^simifar atoms 
less closely packed; and a gas consisted of but few atoms with much freedom 
of motion. These atoms wore impcrisliablc, and always in motion; and on 
the manner in which they combined depended tlio properties,*;^ tho substanbe* 
formed. * • 

Coming down to later times, an atomic theory of matter was'^ry muob 
in' vogue in the sevenfeenth century, and for ^various phenomena explana¬ 
tions based on {ho»theory were largely sought by Rveon,^ Boyle,^ Hooke, and 
-othelfbli Newton wont sp far as to .show, on the assui^jtiou of the atomiO 
opmposition of master, that jfi^yle’s Iftw for gasfs must necessarilj follow. ^ 

■ . '-.The development of quantitative ideas concerning the combination' 


... Qfty t,u«?ao, Mim,, de la SveUU d'Arcueily 1809, 2 , 207 ; AUuibu: Club' MeptinU 
(CUy, 18»8), No. 4. . f ^ 

l^orley, Smithsonian Contributions, 1896, Ife. 980; cf. Scott, PhW I*98, 

!fS4. jfllA 

'' * -Ilaooa, Novum Organum, 1620. 

^ The Sceptical Chemist {1661), The Usefulness of Natvrdl rhilosophy-fX^V^ 

\ cf ^verimental Kh^ledgc (1671). » > ' 




^ JlTilfem yiggiaf(1769Wip.), Sadeavoure/toarti^^t a jS. 

the number of atoms orMt&ate paniofts which unit^ c^enSllw 
^ form a^singJe ultimate particle of some new compound. Influenced bt 
tbe-prlncflile whic^ Newton hud laid down that the particles of any one 
^ ^re mutually repellent, bbth these workers arrived at the view that 
Ohemjoal combination would most readily occur between a single ultimate 
particle of one substance and a single ultimate particle of a second substance' ' 
rhusa single particle of am acid united in all cases with one alkalju^ particle 
!* ^ second, because th# first allianne particle 

rtpelled the second and prevented combination. William Higgins, however 
reirngm^d combination in multiple proportions, though‘he held that the 
union of a single particle of each resulted in the formation of the compound 
of greatest stability. 

These views are almost pfeciseljr similar to those at which John Dalton 
jrmed some years later. The enact origin of Dalton’s Atomic Theory has 
been contested throughout tlie nineteentli century, but a survey of the 
evidence renders it almost certain tliat Dalton had already fommilatfld an 
a^mio theory from the experiments made liy him, prior to 1803, on the 
physical piopertics of gas^ji, and tliat the application of this atomic theory 
-to chemical combination was first made wlion he found, in 1803,'that oxygen 
• 'could be taken up in two different proportions by nitric oxide. Thus the 
atoio theory preceded the discovery of the Law of Multiple Proportions, and 
received considerable support from the facts upon which that law was based.* 

According to the Daltonian theory, an elementary body is regarded as 
being made up of,en enormous nivnbor of o-xtremely minute particles, called 
Stems, alike in kind, and particularly in nyiss, but differing in each of these 
rMpeots from the at^.s of any other element. In tlic connected account 
'Which Dalton gave ip 1808 - of*his atomic theory, he pointed out how 
important an objeetpt was to be %blo to arrive at a knowledge of the relative 
tvelghts of •cs^so ultimate particles capable of chemical union, for, having 
*pbtaineu a list ofbuch relative weights, it acted as a guide in investigating' 

. composition of new substances discovered. 'i;iii8 application of the thei^ 

, had, <in (act, blneady enabicfl liim to draw up a tabic of atomia^weights as 
:early as 1803.® ® 

' ^ Palton’s Atomic Weight System.* -The method by which Dalton 
ipfoceedod to d^rmine atomic weights may now be stated. - ’. 

smallest ultimate partiefe obtainable of any elementary 
.pttbstanc# ' The atomic weights were the relative weights of those ultimatS' 
■Jiartiolee or atoms of the eleipents.* ■ 

1‘ *®*“*1* atomic weights are but relative weights, some* ono sub^hee'i 
.must, be selected aj^tho standard of comparison. JOalton chose hyih®g^’> 
api^ called itp atomic weight ufcity. Th^ atomie'weight of'any other elenim^ 

/ * For a detailed account of the development of Dalton’a Atomic Theory, see BA* 
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was tljerlfofc Ihe ratio qj the wcight| 0 f its atom to the weight ot an atom of 
hydrogen. Its value was arrivofj at by the analysis of a compound containing 
the element and either h;^drogen* itse]| (ft some olonient whose Atomic weigh? 
•had already been fixed by comparison with hydrogen. , 

One most important point had first to be settled. Dalton knew, as 
expressed in the Law of Multiple Proportions, that |.wo* elements might 
combine in more than one pmportion. Acconlijig to Dalton, the following 
scheme of chemical combination was possible:— 

V ^ 1 atom of A + 1 atom of IJ = I aj^oin of 0, binary, 

1. „ „ * + 2 atoms „ = 1 „ D, ternary, ^ 

2 atonus +1 atom „ == 1 ,, K, ,, 

latent 3 atoms „ -1 m P, qiiafernary, 

etc. 

On the basis of the view that like patHelo.s repel one another (cf. p. it>^, 
Dalton assumed the binary to be the must stable compound. Accordingly, 
if only one compound of two bodies was known, it was presumed to be binary. 
Pf, however, two compounds were known, one was deemed binary and the 
other«tsrnary (it will bo seen that two ternary combinations are possible, 
with no guiding principle available to select the correct one), etc. 

*It will bt observed that Dalton referred alikeSb the ultimate particles of 
elements and of compounds as atoms, distinguishing them as “simple atoms” 
and “compound atoms” respectively. The preceding rules be applied 
equally to the cembination of elements and of comjmunds. 

Having thus assumed the mauner in winch substances united, chemical 
analysis furnished the d(‘sir(;(l atomic weights. For example, water—at that 
time the only known componnd of hydrogen and ovygei#-was assumed to 
be a binary compound. ■ • 

Dalton found for the combining ratify hydrogen :^fygcn*the value 1 :7; 
hence these numbers represented the atomic. \»eights liydrogen and oxygen 
rcspecti\*ily. Similarly, ammonia was it'presentcd b|| NH, ^iico*it was 
the only compound of nitrogen ami liydrogcm known, and atomic'^weight 
of nitrogen found to be 5. I’lic atomic weights of com|^)Ounds were obtainocf 
fftin their combinaiions By a similar process or*elie b^ i^ddiijg'i^ the 
atomic weights of their constituent elements. 

Early Atomic Weight Systems.--The need of some guiding principle 
of general application in the dctcrujinution of atomic woidits, such ns we 
now possess in Avogadro’s Mypotlicsis, is most clc;irly emphasised in th^ 
failure of all attempts, prior to 1800, lo establish a .system oT at^ijjjic weights • 
generally acceptable chemists, and befoni outlining modern metbodH, a 
brief account ef the three systems in use,*in adtlition to Jbilton’s, in the first 
hal&^f the nineteenth century will be given. These arc tlio systems of 
Berzelius, of Gmeiin, aifd of^lierliar^it and Laurent.* •• 

* Atomic Weiyht Systems ^of Jivndins .—Berzelius developed two aWmic 
weight tables; the first, published in 1818,^ was the outcome of work begin* 
*rwngm 1810; the second, wliicb was far more successful, appearcS in 1826.® 
In developing the first tabic, ll^rzoliiis obtained his results largely from 
the analyses of oxides, sulphides, aiuj sal^s. Combination J)c<wocn 
_•_ _ _ 

* Regnault also had a scheme based on Dulong and Peiit’sfjaw. 

^ ® Berzelius, Lehrhuch der Cf^mie, 3 vols, 1808 - 18 . German edition,,! 815-31; 
6 tli edition, 1843-6. ^ See Berzelius, Jafireshtriekt, 1828, 8, 73. 
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substances a and ii occurred in such a ijpanner, he c^nsiderfcuy*wK»b-^ vi 
A may combine with 1 , 2 , 3, i^r 4 atoms of B. Iloiice the compositions of the 
oxides oi irorf were iissnmcd to bi^^egresonted by^FcO.^ and FoOg; those of 
pot^sium by KO^ and KOj. These formiilce were assumed on the ground of# 
simplicity; s^vjh formula* as Fe^O^ were rejected. 

Berzelius’ views® on salt formation were very similar to those of 
Lavoisier. An acid contained oxygon and coKsisted simply of a non-metal 
unitoc^ to that element, no liydrogen being present save in the hydracids 
HCl, HCN, etc. A salt was formed by the direct union of an acid with a 
base. Thus, barium sulphate ^^was obtained l)y direct union o^^lphuric 
a^id, SO 3 , witli baryta, BaO. ‘ 

Another princiolc was also \iscd by Berzelius in /deriving the atomic 
weight of oxygen, namely, Gay-Lussac’s Law of Vo^untibs. Gay-Lussac came 
tootlie conclusion that the weights of equal volumes of gaseous substances 
were proportional to their combiniijig weights, or as Dalton called them, 
atomic weights. By comparinji* the densities of hydrogen and oxygen, there¬ 
fore, the atomic wciglit of oxygen could be obtained. Berzelius applied this 
method, and found the atomic weight to bo 1C. He also concluded th^ 
an atom of water contained 2 atoms of hydrogen and 1 atom wf tfi^gon, 
because 2 volumes or 2 units by weight of hydrogen combined with 1 
volume or 16 units by weight of oxygen. • 

The assumptions regarding the composition of other substances were less 
successful, in the light of our present atomic weights; as witness the follow¬ 
ing numbers he obtained, calculated to the hydrogen standard: C = 12T2; 
0-16; S = 32-3; Fe-109-1; IIg-406; Na = 9;i-5. 

The second system, publislied by Berzelius in 1826, closely approaches 
our modern system) in the rosiills CAJtaiiied. It was based on foiir methods:— 
(i.) The composition of oxides. If Ihcr.^ exist two oxides of a metal, and 
the q^uantiUiPi of oxygcai, eombined with unit weiglit of metal, are 
in the ratio 1 : 2, t(ie oxMes were MO and MO.^, MO^ and MO^, or 
, audjMO.t; if 2 : Aitlie formuhe were MO and M 203 ^ if 3 : 4, 

MOo; if 3 ; 5, M^O.^ and 

(ii.)' In salt foVmation, the amount of oxygen in tlie'vlectro-negative oxide 
• ^ (the acid)’'is jumultiplf'of that in the tbasie c«ide. Tins multijale 
^ is (I'isO'thc uinn\)(;r of atoms of oxygon pj-osent in the aoi^-. 

(iii.) Gay-Lussac’s Law of Volumes, now applu'd more extensively than 
before. 

(iv.) Mitsclioilieh’s Law of Is(mm!‘phism, aepordiiig to which the similarity 
in en/stallino form exhibited by two compounds is a consequence 
01 the similar meelianieal arrangement in their ultimate particles 
of equal nuiiil)(Ts ®f “siMplo atoms’’ (see Chap. IL). 

Berzelius also recognised that Dulong and I’etit’s Law fsee Chaw II.) 
afforded a method checking atomic weights^ tho^igh ho himself dm not 
apply it ,, '■ ’ • 

t Methods (iii.) and (iv.), to which Berzelius owed much of the success of 
his system,*ai’e physical in character. The Law of Volumes was now applied 
to chlorine and uitrogon, and the knowledge so obtained of the atomic? weiglit* 
^4 these elementoserved as a guide in dcvfiing with others. 

*The application of methods*{i ),*(ii.), and (iv.) may be ilUistrated by the 
following exaAipl^, wit^ which Berzelius actually dealt.^ He found that in 

* lieizelius, Pogff. Annalen, 182C, 7) S9*/ j 1826, 8, 177. 
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1 iomal, 0 h*oiBa(fes the amount of oiymn in the acid was three times that in 
the basic oiide.* This showed the 3iromatos to bo similar in composition 
to the normal sulphates. ^Theretorc,.if represented sulphtfrio ^id, as 
Berzelius believed, CrO, shoidd ho the formula for chromic acid. 

Next, it was found that tho basic oxide of chromium contaiijed only "fialf 
the amount of oxygen present in the acid oxide, referred to the same amount 
of metal. Hence (method (i.)),«if CrOj is the‘acid oxide, Cr.jOj must be the 
formula, for chromic oxide. It will ho noticed also that, although Berzelius 
represented potassium chromate as KO.CrOj, the forimda conforms to tho 
principled jd down in metliod (ii.). , 

Now, chromic oxide das known to be isomorphous with aluminium and 
ferric o.xides. Hence ^method (iv.)), their foniiuhe must bj AljO, and FejdJ 
respectively. I , 

By these metliods Berzelius was able to arrive at correct formula) for ^ 
large number of oxides, and hence, al^o, at approximately correct values, 
jfidged by our prosent-day standards, for atmpio weights. Ilis measure of 
success can he gauged by tlio following numbers, reduced to tho modern 
standard 0 = 16, from tlie values given by Berzelius in his 1826 table and 
based'0= 100:— 


As = 75-33 
Ca = 11-03 
C =13-2.5 
Cl =35-17 


Fe = 61-36 
Hg = 202-86 
N = 11-18 
P = 31-43 


S = 3-2-21 
• Hi = lf-17 
Na= 16-62 
Ag = 216-61 


Only in tiio cases of tlio last throe elements do the mimbors differ funda¬ 
mentally from modern values. 

Gmelin’s System of Atomic Weii/hls.—^libo Berzelian aj’stcm of atomic 
weiglits, however brilliant in conesption, came to gri^f tliroiigh a principle 
in which its author placed oonsiderahlo reliance, •jtamolj tho applica¬ 
tion of flay-Lussac’s Law of Volumes. A 1826 Diin^is'^ began a series of 
vapour d«isity deternjinations, deducing ftoin thcm.ati^mc weights -in the 
same manner .as Berzelius himself. For iodine he found ,t!' faluc^f25-6, 
substantially the saijle as that of Bei-zeliu-s; hut for mercury he found* 
Hjf= 90‘4r), only alnflit oiic^half of that olitayiod, i! ro«ult of^hernical 
analysis, tlie same invustigator. Jloro, then, by the nirfl-e «\ten.siv8 use 
of a method in which Jler/.elius trusted, was «a result obtained at variance 
Tfrith that deduced from chemical analysis. Tliis anomaly was followed by 
others; a few years later Dunum “ showed by his physical nietll^l that P « 62'2 ' 
and S = 93'7'i, whilst Mitschorlich in added arsenic tfl tlm list, with 

A8= 152*6. Avogadro’s Hypothesis {vi<k infrUy p. 21), which haabeon put 
forward as early ai^ 1811, artbrds a ready 5.\pIaimtion of these discrepancies; 
but hypothesis was neglectetl, and these results accordingly discredited 
in a large measure the systen^ of Berzelius, and paved way to a readier- 
»acceptanco of Gmelin’s systenj • , 

As early as 1820 Gmelin^ had imblishcd a scheme of numbers which ho' 
^ '' _•_ _ _ ___*_ __ •_ 

^ Thi 8 *fact is clear from tho modem loinesBiitation of potusBium chromate as KaCi 04 

ii,e. K,O.CrO,). • 

* Dumas, Ann. Ckim. Pkys , 1826, 33 , 337. • 

* Duma-t, ihid* 1832, 49 , 210 , 50 , 17(r. 

* Mitscherlich, Annah'n, 1834, 12 , 137. 

J Omelin, Sandbwh der Ckemie, 1817 ; 2nd edition, 1821; 4th edition, 1843 ;.Ei)gHsh 
triaalatioa ©flatter, 1848-1872. * 
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recognised as equivalents or combining weights ratlicr »afl its ^toraic' 
wei^t8,*bnt the table of 1843 was an atomic weignt table. The principles 
'on whioh it' was founded were wftiiyir in' ebant^tor to those of Berzelius. 
Th\^8, ho recognised the Law of Liomorpliistn, and, like Berzelius, regarded 
the strong liasic oxides as having fonnul.e of the type MO. But ho re¬ 
-fused to recognise fhe application of tlie J^aw of Volumes, relying wholly on 
combination by weiglit, as Dalton had doii4» Ix'fove him, and this in the 
siraplpst possible manner. “Let it bo granted,'’ he said, “that substances 
combine in the simplest jiossihlo proportions,” and “let no atomic weights 
be admitted smaller than those/vbicli actii.illy occur in combination^ There¬ 
fore he came back to the formula 110 for water, and the a-tomic weights 
H = l, 0 = 8, C = ^, 8 = 16, etc., as in Dalton’s table of L808. ^ 

Atomic Weight System of Gerhordt and La{ire(it. — While Gmelin's 
system was gradually coming into use, tlie foundations of another 
important scheme were being laid,by Gcrhardt’ in a series of papers in 
1842-3; his views w’ore ad(*pted and extended by Laurent,- who hence¬ 
forward became his co-workei' in the new stdiemo. .Much of tho advance 
which these chemists made came from a study of reactions in orgaiyc 
chemistry. Gerliardt noticed that in erpiations e.\pres.sing chemical rc^tions 
in which carbon dioxide or water were liberated, two molecules of each of 
these substauccs, or mplti})les of two, always occurred, jvhereas with 
ammonia only one was liberated; the system of atomic weights used being 
that of Gmelin. As the formuhe for caibon dioxide and water on this system 
were CO .2 and HO respectively, Gerliardt suggested that the equations would 
be simplified by altering them to and Or, as an alternative, 

simplification could bo brought about by doubling tlic atomic weights of 
oxygen and carbpn, so tlxat the formula! became CO^ and II^O. Similarly, 
carbonic oxide became CO, and by doubVng the atomic weiglit of sulphur 
the dioxide became Si.M. 

Gerhardt and Lajirent pow I'isvived Avogadro's hypotliesis, or ratlier 
Ampere’SjVersiou ^ it^ (see p. %l), and employed it extensively, although 
they did so lar as to regard it as of universal application. The reason 

for tfibir adoption of this hypotliesis was that tliey found the fonnnlre, 
COg, H 2 P' and''COv suggested by the abovy. reasu*.'Jng, were al.so these 
whioli wore .^rnvod at on ilie basis of this iiypotbesis. They ecordingly 
propo-sed that the formuhe of all vaporisalilo .sub.stanccs should bo altered 
where necessary, so that molecules of tlie.so substances occupied the same 
volume in the^'iiseous state. 

The effects of the changes made by Gerliordt and Laurent were far- 
reaching.^'* Tho first effect was to r('f]uirc the halving of many of the 
formulm in use, nccessitatiipj also the lialving of various .atoniio weights, as, 
for example, that of silver. Tho formula of silver oxide in turn fecame 
Ag20; siinultaneoujily Gerliardt and Laurent .'^dopVd M„0 and MOll^'s tho 
formulas of,basic oxides and bydroxidcs respeLtivoly (which led, however, bo 
the employment of atomic weights for various metals only one-half as great 
as those in use to-day) j and Laurent clearly indicated for the first tim® 
that a hydroxide was to be considered as a substance intermediate between 
an oxide<and w'Ater, thus: M^O, MOH, 

* Gerliardt^/. Ghem., 1842, 27 , 131); 1813, 30 , 1; Aim, t'hiin. Phys., 1843, 

(ill), 7, 129 >1843*^8. 238! , , , . 

^ fjaurent, Ann. Chun, Phys,^ 1840, (iii,), 18 , 266 ; and liis text-book, iUthodedecKi-mei 
translated by Odling (Harrison, 1855). ‘ 
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The MoLBCULArf Hv^othesiI and the Modern Svstbm or* 

Avogaclro’s Hypotliesis. —'J’lus liypotlicisis, alroady referred in 
connection with tlio work o!“ (JcilKinU ;iu(i l.aurciit, will now,bo considered 
in some detail. 


The question of tlie ntimh#r of uUinialc pariK'ies or "aioins ' in a given 
volume of gas iiad exercised the mind of l)altoii, wlio came to the conojusion 
that in (Mual volumes of dirterent gases at (he samo (emperaturo and pres¬ 
sure thoT ambers of ^Itimate paitides lU't the same. Gay-Lussao’s 
discovery of’the Law of Volumes led liiiii lo s(ale that (Ao combining 
weights of didcren]; wibstanccs were proportional to (lieir (Ji.'iisities. In 1811 
Avogadro^ accepted •ho»accuracy of (lay-Lussac’s Law, and pointed out 
that it was a most natural assumption to dsidud.i that the numbera^f 
“integral molecules” in Cipial volumes all gases ao' the same at the satnO 
temperature and pressure. Dalton had also n^ilised this, and, partly for this 
reason, refused to rocogiiiso the accuracy of G'ay-Iaissac’s Law. To Dalton 
and his contemporaries the smallest particle of a sulistancc that existed in 
the fr^dstftto was tlio atom of the substance, and liencc, tiioy could not accept 
Avogadro’s hypotliesis, which could only be brought into line witli facts by 
assifming thfj^i tlieso “atoms” of various dements capable of subdivision. 

Avogadro clearly pointed out the two important consequenecs which 
follow from the acceptance of Iiis hypothesis, viz.:— 

(i.) The relatiite masses of the '’■inteyml moleciih’s^' of <jases are in the 
ratios of the densifies of the 

By “integral molcenlos” Avog.idm und(!rstood “niolecnlcsas that 
term is now inid<’rstood; a precises dctii^tioii of tlio “moleculo” is 
given later (p. 22). In illnsWation of tliis dedyetioii, ho ({noted the 
densities of oxj’gen and hydrogen as M03ol) respectively 

(air-I). The ratio of these numbers,•jimigdy, Id^Tl;!, was therefore 
the ratiofof the molecular weights of ox}^i’n and j^^di^gen. . 

(ii.) The ^Unte-jral mohvidcs" if vaiious i/aseoiis eh-mr/ft ne thc^isdvei 
composite. * 

♦ Two volumes of ^lydrogen, it was known, cumlitne ^vith one x^bune oi 
oxygen, p..'ducing two of steam. Since equal voluiiics din’ereut ^asofi 
contain equal numbers of “integud moleculo.s,” two “integral molecul(«”oi 
hydrogen must combine witli oiio of oxygen and produce two of steam. 
Hence this one “integral mol<»cule” of oxygen must nndeifjff subdivision in 
the proces.s, Ixung halved ; or, the “integral molcciile ” yidds*tw^‘element* 
ary nioleculcs.” The term “elementary molecule” was used by AVogadro 
with the iiieanyig now attached to tin; woi^l “at#ni ” 

jWogadro thus postulated tbo existence of two oiihu’s of small particles : 
(i.) mblecules, which «iro physica^ units, being the jj^nallest masses of ft 
substance capable of e\istenc(J in the free stab* and (ii.) atoms, /ho ultinjftte 
particles of which elementary bodies are aggregates, wliicb enter into the 
composition of molecules, and which rnay^or may not bo ideiftical with 
moleoulOfe in tho cases of the elements. The latter ([uestion requires to be 
determined by experiment; Avogadi^’s Hypothesis, wliich selves tb^ prima:i^ 
purpose of debwmining relatito mplecufar weights, can bo utiflsod for this 
purpose by applying it to the experimental resuUs^siUili^as th^A^^summarised 
in^Gay*TjUS8ac*s Law of Combining Volumes. 


' Avogadro, Journal de physique^ 1811, 73j 68 * Alembic C'luj( JteprfTits, No. 4 (C)tty,3?93). 
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Arogadro’e views, unfortunately, r^eived tut little notice, and Auiptoe, 
" who broughtforward similar^ ideas in 1/114, 'met with no better success. 

The Modern System of Aconiic Weigttts.— About the middle oj 
Iasi‘century there came a change in the basis on which the atomic weight 
system was laid.*' Dalton’s methods were based on weight relationships and 
chemical analysis; those of Bel-zelius, partly (in chemical analysis, partly on 
a phj'sical principle (the Law of Isomorphism), and partly on the Law of 
Volumes, which was insnfEcient, however, to show him tho difference between 
atom and molecule. (Imelin returned to weight methods. Xhesp^Tnethods, 
however, are.incapable of solving the problem of the'-detormination of-atomic 
freights. The Law of Combining Weights {vide supra, p. 12) becomes, in 
the language of tfie Atomic Theory, the statement thaft elements unite in tho 
ratios of finite multiples of their atomic weights; whence it follows that a 
simple numerical relationship exists between the atomic weight of au element 
and each of its combining wpights. h’aither than this, however, it is not 
possible to proceed from the Atomic Theory alone. 

Gerhardt and Laurent first realised the value of being able, by Avogadro’s 
Hypothesis, to compare matter in its simplest (the gaseous) copditint', and 
so to arrive at correct molecular weights. Cannizzaro’s system, in’ 1858, 
carried this method to complete success and establi.shcd our modern system 
of atomic freights. 

In order to realise tho full value of Cannizzaro’s scheme, it should be 
borne in mind that four systems of atomic weights were in use by different 
chemists at the middle of last century—namely, the Berzelian system, a 
modified form of it, Gmelin’s system, and that due to (lerliardt .and Laurent. 
A conference of chemists, called, in IStiO at Karlsruhe to discuss tho con¬ 
fusion of systems, was made acquainted, at its close, with Cannizzaro’s 
system, which soon b^-ame the accepted one. 

In brief, Oannizzaro’s system K ni.ulo .Avngadro's Hyiiothesis its basis. 
The molecular weights of sullstayce.s were first to bo found, afterwards the 
atomic woigt^s of ().ae tlcmeuts. Applying the hypothesis to the results of 
(the chemical fution of gas(‘s, Cannizzaro found tha*‘ the molecule of an 
element was gencirilly, polyatomic; as a rule, diatqviio. 'The auomr^jes 
found by Dmnas (p; 19) were explained by supposing tho ntj'lecules of 
phosphorus, sulphur, .and mercury to he tetratomic, hexatomic, and monatomic 
respectively. Cannizzaro found that his results also accorded with those 
c obtainable on ,iiic basi,s of Dulong and Petit’s, Law (vide p. cS9), and ho used 
this law when pther methods were not available. 

The f/.;ilcrn atomic weight system is practically identical with that of 
Cannizzaro, and rests upon Avogadro’s Hypothesfe, that equal volumes of 
all gases, under the same conditions of temperature and pressure, contain^equal 
numbers of moleeides. This is rightly regarded as„tho basis of tho GvOmic 
weight system, sine’e it w.as enly by ivs adoption that‘the term “atom” 
t acifuired its present meaning. A gaseous moiecule is the smallest ultimate 
particle which can exist in the ulterior of a mass of pure gas, and in generf^ 

. a molecule may bo defined as that minute qiortion of a suistance which moves 
pOfiout as a whola. so that its parts, if it has any, do not part company during 
the exoirsfons which the moleetele nsahes;^ ita^iolecular is the weight 



^ ‘Caiuiizzaro, Snnto di un„corso di filisofa chimiai fntto nelta Jtcale University cH 
Oenova, 185S ; Kmvo Cimentv, 1858, vol. vii.; Alembic dinb Jieprints, No. 18 (Clay, I9fl), 
* See Maxwell, Theory of Heat (Loutnnans & Co.). 1899, chap, xxu. 
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of this ultimate particle,'referred to iio weight of tlio molecule of a staAdard 
substance.' , * 1 * ’ * 

, The fact tiiat oxygen* contains (jft two atoms in its innfcculo has 

already beou shown, and aimilur reasoning applies to clilorinOj nitiogeit,*ai>d 
hydrogen. Thus, 

1 volume of hydrogei»+ 1 volnino or cnionne grvo 'J, vounnes 
of liydrogmi elilorirle . 

hence, Vvogadro’s llypotliosis, if u is tlio'muuhci of tnolcculos in each 
volume of gay, 

71 molecules of hydr<)y;en + w inolecules of chlmjnc give 
i?! ilioleeules of hyiirogcii chlondi*, 

or 1 molecule of liydrogeu }-1 molf'cule of cldormc give 

2 molecules of liy^rogeii cldori<le. 

• 

Since each molecule of hydrogen chloride contains, of necessity, hydrogen and 
cjilorinc, tho molecule of each of these elements must liavu been halved. 
The •tion that the molt'ciilc of nitrogen is divisdile into two parts 
follows from tho fact that two voliiim's of auiniouia when decompoBed yield 
thiwc voluiims of hydrogen and one of nitroge^. No cliemical or other 
evidence leads to tho conclusion that in these elements there are more tliau 
two atoms per molecule (see Chap. Vll.). 

The atom is defined as the stnallcst }><irt of <m element that ifi found in 
any molecule. Its atomic wei<iht^ in turn, is defined as the ^mailed of the 
7veights of the element contained in the ninhruhir weighfe of the i^uhdanecs into 
the compontion of which the elrnnnt nifcr.^. • ^ 

Tho (letermination of atomic .weights, in the light of this definition, is 
dealt with in Chap. VII. 

CiiicMiOAL Symbols an'i> FoiTmul/B. 14;i;/^iun.s._ 

A symbolic chonrtcal notation was usetl by the alclicinisU; imfTko tho 
niidern notation, lio%'ever, it hail only a qualitativi^ iiiLniiing. Qiyutitative 
chemical•nvLation was originated by Dalton;*- tlie system *in use ift the 
present time is, in all essciiLials, that (hwised by bcr/eliu.s. , 

Each clement is denoted by a .<//iid>oi, whicli is the initial loiter of its 
Latin name. Somefimes a s'dcond i(‘tt('r is added wlu’ii %‘veral elemeuti^ 
have tho same initial letter: c.g. carlxm, copper {i.ii/>r>tm^, clilorino, and 
Cffi.sium are doiiotod by C, Cu, (d, and Cs respectively. A fidl liSnif symbols , 
is given on p^ 25. In order to att.ich a (piaytitative significance to these* 
syndapls, it might at first sight appear tlie smallest plan to regard the 
syin^I for an element #is s^indiiig for one comhmni;/ t^o/ht of the element. 
iSIhQ formula of a coinpouiM eouRl then Ixf represented by ji'riting down 
the symbols of its constituent elements side by side, and its <juantiti\tives 
chemical composition fndieated by iittac^iing numerical suffices to, the 
symbol^ in order to denote the relative numbers of combining weights of 
oatih element present. A difficult^ arises, however, in ttes con^ilation «o^ 
a table of combining weights, since intiuy Elements possess nfbro than one 
eombining weight. Accordingly, instead of lotting t^flisymb(.rf?for an element, 

^ See Chap. IV. fur Aie dcLenniiiation of molecular weights. 

* Dalton, A yew System of Clunueal Philo$oyhy^^ vols., 1807-10, 

# • • * 
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denote a combining weight, it is chosoit to represertt one avm, or one zitom%c 
might of thp element: the ^n^bls previouyly given stand for one 

atom or 12 parts by weight of carbAi, 6ne atom or^3 57 parts of copper, one 
atorfr or 36‘46 parts of chlorine, and one atom or 132‘8 parts of ctesiuin. 
Further, the ‘Toi^mula C,C1^, for example, denotes a compound of carbon 
•and chlorine (carbon'tetrachloride), in which for every atom, or 12 parts by 
weight, of carbon there are four atoms or 4 x 35 ‘16 parts of chlorine. The 
affix ubity is always omitted, so tliat tlie formula is written CCl^. 

Still retaining this example, it is clear that the formula (\.Cl4^ould do 
equally well tg denote the composition of the substai^;e, n being any integer. 
However, it is usual, wdiencver possible, to write the formula of a compound 
so that it represcufs a molemle, i,e. so that on addiuf^ uj^thft weights of all the 
atoms represented in the formula, the molecular weight of the compound is 
obtained. Such molecular formula} can only be written for substances of 
known molecular weight. The molecular weight of carbon tetrachloride 
having been found to be 15.3-8, it is clear that the simple formula CCI^ is also 
the molecular formula, and denotes that one molecule of the substance 
contains one atom of carbon and four atoms of chlorine. the 

molecular formula of a compound is unknown, it is usual to emphfy the 
simplest formula that expresses its composition, this being termed the 
empirical formula, eg. the empirical formula of cupric chloride fs C11OI2, but 
its molecular weight has not been determined. 

When the atomic and molecular weights of an element are both known, 
a molecular formula can be given: e.g. tlio molecular foi’muhe of oxygen, 
hydrogen, mercury, and phospliorus, in the gaseous state, are (>2, ir2» ITgj and 
P4 respectively. , 

By means of fortnuhe, it is possible to express in a very concise manner 
the results of a chemiejd change. The formuhe of the reacting substances 
are written dowci on^tlie left, aiuh connected tog(!ther with plus signs to 
indicate that they havc^rcacted together; on the right, the formuhe of the 
siibstan'ccs^jattducedT'are written down, and connecte'd witli plus signs to 
indicatortliat tTfcy«are all produced together. A sign of.equality between the 
two groups of formylu) denotes that the substances on^tho left liave b<^n 
trans^)rnted into pioso-on Iho- right, sind the necessary nnmoric.al/peflicients 
are plac(Ml before the various formuhe to make the number of atoms of each 
element the .same on both sides. Such a symbolic ropre.sontation is termed a 
fhemical equatioiu and was first emjiloyed by Lavoisier as a means of express¬ 
ing chemical reaction. As a simple illusti-ation, the equation 

2112+ SILO 

summarises the following statemeiits: (i.) 2x2 or 4 pa^fs^by weight of 
hydrogen combine with 2 x 1C or 32 parts of oxygen to produce 2 x (2^16) 
or 36 parts of water ^j.and, sincq the formqjie are woUVailar, (ii.) two molecules 
of hydrogen vnite witii one molecule of oxygen d^o produce two molecules of* 
^vator (steam). In such an equation it is easy to re^-d the relative volumes 
in which tfio substances react, by recallii»g Avogadro’s Hypothesis (p. 2’iV 
to mind; and the preceding eipiation is readily seen to express the fSet (iii.) 
4ha1i two volume^'of hydrogen combii^ wilh one volume of oxygen to produce 
two volumes of .steam (all measured at the same temperature avid pressure). 

As a secopd *ex|imp<e^ tlio equation 
■ • /2KCK\-2Ka + 30._, 

exprei^eB the fact that 2(39-10 + 35-46 + 48) or 245*12 narts of potassium 
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chlorate, when decornpcl^ed into pJhissitnn chloride and oxygen, yield 
2(39’10 + 35’46} or 149'12 parts'ol' Ae Conner and 6x 1C or 96, parts of tha» 
Jatter. It is not possible,'’’howevor, m)in*tliis oqnation to inako statonionts 
corresponding to (ii.) and (iii.) of the previous exainple, since the forinnhf for 
potassium chlorate is only empirical. 

But whilst a single cipiatiop may give a c<^mpleto {pinntitative representa-' 
tion of the initial and final eonditinu oi' reacting substances, it seldom happens 
that the actual way in which a reaction proceeds can lie indieaU'd 1)v it. 
Thus wh^potassium chlorate is heated, potn^simn penddorate is formed 
accordirfg to tjio etpiatifti 

4K(m,-;iK(d(), + KCI, 

and it is not until a icnnp^raUirc of 395“ has been exceeih'd tlmt oxygen is 
evolved.^ Wo thus see that the reactions may ho considcrahly inoro coinjjli- 
cated than the single equation would lc»l us to believe. 


INTERNATIONAL ATOMIC WEIGHTS. 1917. 
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Cadmium 


(:.i 

112-10 

I’allivdiuiii 

Pd 

106-7 

Cspsium . 


Cs 

13-i-S] 

PllUspliolllS 

r 

31-04 

Calcium . 


Cft 

•10-07 

ruTnniiii . 

I’t 

195*2 

Carbon . 


C 

12«)0f> 

I’l.l.lSSIIIlII 

K 

39 10 

Corium . 


Ce 

140-26 

!’M..SO)i(j\ IIIMIIII 

Pr 

140-9 

Clilorino . 


. . Cl 

30-16 


Ua 

226-0 

Chrommni 


Cr 

^^2 0 


Kli 

102-9 

(’obult * 


. Co 


Riioiiliimt 

. m. 

• 85-45 

Colimibmm 


. (1) 

93-1 

Rul III IIMIIII 

Ru 

JOl-7 

Coppov 


• Cn 

0'!-r>7 

S.iiiKumiii 

Sa 

150-4 

Djpiprosmm 


• D-i 

10-2-.') 

I^O.Dlliuiill 4 

Sc 

Se^ 

. 44-1 

Krbnim . « 


Lr 

107-7 

Srit'iiiiiilf. 

jy-2 

Euroiiimn 


Jui 

If.2 0 

Silifoii 

Si 

28-3 

Fluorine . 


F 

10 0 

Silver 

Ag 

1107-88 

Gadolinium 


Cd 

1.07 3 

S'nliiini 

Na 

23-00 

Gallium . 


C.i 

• 60-0 

Sllnlllllim 

Sr 

87 63 

Germanium . 


(If, 

72 f) 

Siilpliiii' . 

S 

32-06 

Glucinum 


01 

0-1 

T.iiit.tlinn 

«i^ 

18i-6 

Gold. . . 


. . Au 

197 2 

Ti'Diii mill 

To 

127-6 

Helium . 

• . 

lln 

4 09 


Tb 

159-2 

Holruhim. 


IIo 

163 

Til lilmiii. 

I'l 

204-0 

Hydm^ou 


• •* 

•ii-n.i.s 

Til iii'iiii . 

Th 

232-4 

Indium 

• 

lri» 

» 114 

Timliii^i . 

Tm 

168-5 

Iodine 


1 

126 92 

'I'm . 

• Sn 

lU-7 

Iridium . 


Ir 

103-1 

'ritimum . 

Ti 

48-1 

4ron . 


• Fe 

84 

'i’llll/^tull . 

. W 

184-0 

Kfypton « 


Kr 

82-02 

IJi'iUiiiim . 

IJ 

288-2 

Lanthanum . 


. La 

130 0» 

Viinadium . ^ 

. V 

51-0 

Lead 


I'b 

‘207-2O 

Neiidli 


13(Vlf 

Lithium . . . 


Li 

6'1il 

Yttei-riuni {Nooyttoi'biiiiii) 

; Yb 

178-6 

Lutecium 


Lu 

176-0 

YUiium . .. #. * 

T Yt. 

88-7 

Magnesium 


• 

24-32 

Zinc • . • 

.•Zn 

85-83 

Mangauese 


Mill 

S4-93 

Ziiooniuiit • 

. Zr 

* 90-6 

Mercury . 

' ' -a - 


. . Hg 

200-6 

._ 


• 


* Scobai, Zcfti<ch. phys^k^^l. VIicA , 1903, 44> 








CHAPTI5H TL 

GENERAL PROPERTIES OF ELEMENTS AND 

COMPOUNDS. 

* 


1’llB PaorKUTlIW AND LaW.S 01'’ (3A.SKy. 

The Gas Laws. —Tho o\[)criinoatal laws which dcscrilio the of 

gasos inay bo oinmioratctl as follows: — 

1. Bojileh LaWy nucordwig to which tlic voliuno (?’) of a givoi^mass of 
is inversely |)roportioual to the jircssure (/j), jirovided tlie temperature 
remaiaB constant. Mathoinatieally expressed, the law becomes 

/j cc ^ or 2 )v = constant. 

V 


2. The Lav) ojiCharJes or —This law describes the connection 

between volume and, temperature, by •stating tliat tin; volume of a 

gaa inoreasos for 0-00:!67) its value at 0° C. for each centigrade 


degree riso*ii^ompijji‘itive, the prifssuro being assumed to remain constant. 

3. ;Che ofnmectiiig temperature and pressure at constant volume, 
according to which each (legree rise of temperature on the eentigrado scale 
■results ir^au ioorease pf^presiiire amounting to D'OO.’ttiT of the pressuro%t 


i:* Dalton's Law of Partial Presmrex .—This law states that the })rcssure 
J3et up by a mixUire of gasi's is eipial to the sum of the pressures exerted in 
the same .space ^ each of the eonstitnents. (See j). hi).) 

6. Gra^‘ 'fUi'i Law of D1 fusion of Gasesy according to which the rates at 
which gases difTuso are inversely proportional to tin; sipiaro roots of their 
densities (see pp. 3.3-34). * ' ^ , 

6. Gay-Lnssaii's Law of Coinhiitation hy f^lume .—This has alread^ecii 
discussed in ChapterrI. ^ « «. ♦ . 

JThe first«five laws just mentioned, althougt established experimentally? 
^nd a the 9 retical basis in the kinetic and molecu[ar theories, from which 
they can be deduced.^ Moreover, any of the first throe laws can be deduct 
from the other two. ^ * 

* ' The Sag liquation.—Wl^en {y>eaking of the gas laws, the particular 
ones generally^included under tins head a,re.the first three menMoned—namely, 
those which deal wyth ffi« all^eration of tlio three factors, temperature, pressure, 
and VoUme. A very convenient expression has ^)een adopted, known as tjj© 

■ % ““ . ' ■■ “■ - - - 

* SeS 0. E. Meyer, Kinetic fheory of Oases, translated by Baynes (Longmans & Oo.', ISW). 

• OD 
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• ' 

'as ^ualion, which connects together all three lawa It may bo deduced 
n the following way:— * I • ♦ • 

Starting with the mathematical cfpr^sion of the law connectiiifj volume 
md temperature at constjint presyiire, namely_ 

vheretJ^ and Vi are the volumes at temporaturos 0° and respectively, by»8iiiiple 
ransformation wc have— 





Vt 


273’ 


fhere T is the temperature on the absc^uto scale, and finally_ 

V[ T 

v;=:r73‘ 

brief, this expression states that at constant pressure the volume is 
proportional to the absolute temperature, or vocT. 

Accordir!^ to IJoyle’s law, however, v oc 

P 

If, therefore, the tomperaturc and pressure vary simultaneously, 

V oc i or pv = constant x T = RT. 

P 

If V represents the volume of unit mass, namely, 1 gram, ftion its value will 
vary for difterent gases, and R Vill hloiwise vary. *, Ry a proper choice of “ 
units, however, it is possible to miiko R ^le same for c^'ery ^is to which the 
equation applies. The chemist usually employs th» moicciilnr weight and 
moIeculaJ- volume as his units, and tlie most general •fori^of th*’ equation 
becomes 

PV=RT, 

whore P ^ijriotes tne pressure and V rci)rGscnt^ the gnuii uH)>oouIa*f volume, 
which, according to Avogadro’s Hypothesis, is a constant (juantity for al[ gases 
at the same temperature and prcssuie. Hence, provided the gram-molooulo 
of a gas is always dealt with, ^he value of It ia iiiflependcnt^f the nature o& 
the gas, and its numerical value depends only upon the upits in terms of 
which P, V, and T aro express(*d. 

When a substjinco changes its volume, under jiressure, work is either done 
hy tbe substafice (if it expands) or <m the substance (if contraction occurs), 
an(?%o, in accordance ^with the method employed in measuring work, the 
product PV represents tho‘'*vork ftone whci» one graflf-molecular volume of 
gas is generated under a pfessure P. The value of R, mcasiircd in ♦oi'ki 
units, i.e, ergs, can be obtained as follows . 

• At C., or 273“ (ubs.), and 76 cm. pressure, V = 22,400 c.c. in round 
numbers. Accordingly P = 76 x x 980’6 dynes per »quare^cm., 

13‘59 is tho density of mercury at this temperature. Hence 

P _ PV 76 x“l3'59 X 980-6 x 
■=8*4 X 10^ ergs. 
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The equation is sometimes expressttl in auothe? way; suiue rntjuimuiuai 
energy and heat energy are quantitrlivcl 5 ^ transformable, 4'2 x 10^ ergs 
being equivalent to 1 giarn-calorieoPho/fc (the mecl^anical equivalent of heat), 
R Cifn also bo expressed in heat units, being obviously approximately eqniva-' 
lent to 2 (morfl ejcactly 1’985) caloiies. Inserting this numerical value of R, 

• PV=2T. 

In* this form the ecpiation is of particular uso in thermo-chemistry, in 
eases where it is desired to detormine heats of reruition between gas(js. If a 
reaction be accompanied by expansion or contraction, part of the fieat effect 
observed is dfio to the work done during tlio alteration of voKmic, and this 
must bo allowed for in deducing the actual heat of^rgaction. At t" C. 
the production of each gram-molocular volume (A ^is corresponds to an 
abSiorption of 2(27.‘J +/) or 546 4-2^ gram calories owing to the performance 
of external work. % 

The Validity of the Ga^ Laws. —In the foregoing section no question 
has been raised as to the extent to which the gas laws given are valid. The 
coefficients of expansion for heat were supposed by Gay-Lussac to be the same 
for all gases. That this is not so was first deffnitely proved by*Regnault, 
whose results are given in the following table; a is the coefficient of expansion 
between O’" and 100", mcasin cd at a constant jiressure of one atirtisphcre. • 


Gas. 

a. 

Ofts, 

a. 

Hydrogen . 

Air . , . . 

Ouvbon monoxide. 

0-003661 

0-(i03«7l 

0-00366n 

Carbon dioxide 

Nitrou.H oxi(Je 

Snlf|lmr dioMd(‘ . 

0 003710 
0*003719 
0-003903 


Evidently the vali^ of a depaAs more and more from that of tlie tnu; 
gas (convoijiontly rcj^^reijontcd at htmosplu'rio pressure by hydrogei*) accord- 
iiig to^tho e!!S) jvith which tlic gas can bo liijiiefied. The coefficients of 
Increase of pressure with rise of temperaturo show the s^mo tendency. 

In rej^grd to Boyfe’s Law, J.lie discoverer’s inveutigatidns wore limited tc^a 
rangd of pressure extending Ixitween and 4 atmospheres, and tvero only 
able to prove the substantial truth of the rclationsliip. Early in the nine¬ 
teenth century, Oersted, Oespretz, Arago, Dulong, and others turned their 
•attention to tho^uostion whcllicr or not Boyle’sdiaw would be valid ifpressures 
considorab^y.grfiatcr than atmospheric were applied to a given volume of gas. 
No trustworthy data were obtainable, however, until the experiments of 
Regnault, published in 1847,^ were xjarried out. ’ , 

As the I'esult of his experiments, Kegnault found that not one of thi^our 
gases he employed, ,pamely, hydrogen, ;iitrogop, a»r, and carbon dioxide, 
obeved BoyWs Law between pressures of 1 anj 27 atmospheres, the raugo- 
♦used; and further, that whereas hydrogen was less compressible than 
the law would load us to expect, *tho three others \Are more compressible. ‘ 
The small range of pressures iwlopted by Regnault led to inqiftrios by 
^thpr invei-tigatd^s, the most important eJperimonts being those of Araagat.^ 
Two Belief of determinations^ wore carried out. In the first, the pressures 

* RognauU,*'" RclJtion des exf»eriPiice 8 /’ 1847 ; M4m de VAcad., 1847, 21 , 329. 

« Am4gat, A, in. Chim. rhy^, 1880, [v.], lo, 346 ; 184^1, jv.], 22 , 363; 1883, [v.], 
466,434; 1893, [vi.], 29 , 68 .^ 
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emplc^ec^i’eaclffed 400 atqiosphercs and wore measured directly, the mano^ieter 
tube for the purpose being built icJtho slmft^of a coal-mine. In this way^ 
ibe behaviour of nitrogc% hydrogenloxjigen, and air was tested, and, when 
♦known, enabled one of these gases, nitrogen, to be used in a manometer 
instead of a column of mercury. The presMircs employed .in the second 
scries rose as higli as 3000 atmospheres, b^ing measnuod 1)y a mechanical, 
device in an apparatus based (»n the principle of the hydtauhe press. 

In addition to the four gases alrea Iv mentioned, COo, Con 4 , and OH^ were 
also tested. The results both conlinned aiul very considerably extended 
Regiiault's observation^ hydiogen standing .-(doiie as a gas less compressible, 
all the olbert being more compressible lliau accoiding to Boyte’s Law, whgn 



Pi^essure m Atmospheres * * 

Fl<}. t.—l).-vi;itions from HoyleV !juW. 

higher pressures were applied, tlie valiu' of tiic product pv renehed a minimum 
and thereafter steadily increas^-d, juht as with hydrogen. 

The most convenient method of rcfm'scnting tlio facts gra ph ically is to 
plot, not simply the pressure against volume, but the product pv against 
the pressure and in the curves {iigs.*! and -) this metliod is adopted 
FigM iudicatos^the general types of curves obtained by Amagat, together 
witlObhat which should be^obtaiiad if Horde’s Law w^ro exact—namely, a 
borkontal straigift line, ^xygiui and airfare simmir in ^chayiour to 
nitrogen; wliile the curve for ethylene has a deep minimum point, like ihat« 
for carbon dioxide. Modern work has sliovvli that tlie curves for^ielium and 
neon resemble that for hydrogen. 

Amagat also earned out expcriiTlbrits with carbon dioxideflindetpyleno 
series of dilTerwt temperatures, c.\tcndiifg fnJhi 0 to 258 in the ffasfi.of carbon 
dioxide. Fig. 2 represents the results graphically. will b^seen that the 
minimum point tends to disaj>pear and tlio gas to^iehave more aifan ideal on© 
fhe higher the teniperature iS raised. At ordinary temperatures the hydrogen, 
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helium, and neon curves do not exhibit minima, ayd it is neoessafy Xp cool 
these gases to a low temperature beforeliurves of this typo are obtained.* 

* Boyle’s Law, for pre.ssures'less t^'bnptmo’spheris, has also been the subject 
of njany investigations,'* of which the most recent and important are those of« 
Lord Rayleigh,* Three ranges of pressure wore used—namely, l-0’5 atmo- 
.sphere; 150mm.-7BBim.; and l'5mm.-0-01inm. The results obtained between 



one almosphere and half an .almoaphcro pressure arc recorded in the follow 
jtable, the value pi> referring to O't) atmosphere and T’V to 1 atmosphere. 


*< 

Gas. 

j Ti!in)i'‘ratitnL 

pv 

PV 

IIo 


. 1 107" 

0-1)9975 ' 

N.; 


. HV 

l-OOOIf) 

Air 

. m . 

. 1 , , 

► •l-000?3 

«0 


. t 13-8" 

1-00026 

0,2. 


. 1 11-2’ 

1-00038 



. ' •> 11-0" 

• 1-00327 

NH3 


97" 

rOt'632 


Kor liyjirtgen, see'Wroblcwski, iV(/a«A./o, 1S88, 9, 10G7. ' 

® For an aciwnnt of the iiiveKtigations on Boyle’s Law, both for pressures greater and less 
than one atmu^pheit^ see^Faung l^toichioiiietty {hoiignmiis k Co.}, 1908. 

“ Rayleigh, fhil. Trans., 1901, 196 , 206 ; 1902, 198 , 417 ; 1006, 204 , 361 iTrte. 

.Wv lona AAit 
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♦ ' • 

At ^enures, then, jnst as at hi^Ji pressflres, the gases fhost readily 
capable of liquefaetion afe those wh|;h dopurt to the greatest extent from 
Boyles Law, the so-cnllf.’d noviufinieiillgs^es siawing little deviation. Over^ 
Jhe second range, I50inni.^7r)nmi., tllo dsily liqiiiiialJe giiscs stilf deviate 
slightly from the law, whereas the values pv for nitrogen, air, and liydrogen 
remain practically constant; Imt at low pressures, I'rnniu.-O'^ilmnn., all obey 
Boyle’s Law, so f;ir as experinu^nt can deteriui»e. ’ 

Iho tpiestion of the absolute validity ot Hoyle's Law under extremely 
small pressures, liowever, cannot be decided from llie cxperinients tliat’have 
been inade up to the present time. The error incurred liy assinniug the 
validity of Bo;^le’s Law ftetween tlie two pressures and p,, is b^'st expressed 

by a coefficient defined by tlie oiinalion — 

ft * • 

ft®, Pf^^ 

If Boyles Ijaw is ncctn’ato inulor extremely small pressures, then when 
very close to one another and each is almost ml, tlic coefficient 

slnwild eijnal zero.' Altliongli expernnent so far is unable to’dccide wliether 

ft . 

tins HO or 4iot, it is considered by iJ. BertlieloH Ledue, and othera that 
such is not tlio case. 'J’his conclusion is readily deduced from Van der 
Waals’ eijuation {vide infni), and seems to be in accordance with the experi¬ 
mental evidence; Jor e\am]ilo, in the case of oxygen tlie deviation from 
Boyle’s Law is as pronounced at 156 mm. a.s at 800 mm. pressnn^.^^ 

There is tlieu, in gener.d, at any lixcrl tomperaturo oidy one pressure in 
tlie iminodiiito neiglibourliood of which Boole’s Law is stricMy true. This is 
the presHurn at which/u’ is a miniinimi.^ ^ 

Van der Waals’ Equation.- As ilbecaimt elcai^from ^le experiments 
of liegnault and others, tliat not one of tno ga*; laws held rigidly, a number 
of investigators sought to obtain an eijiiatioiPwiiicii sh^nld^orn'ctij'^represcut 

f er a wide range tiio cllect (.f piessiire on the volumo (T a gas. Of*.the8e 
tempts per}ia]>s the iTibst imporl-iiit was llial of van der Waals,^ who intro- ' 
duc^d two corn'cliiig fimtors into llie gas ei|n.L(i.ip. • ^ ^ # ' 

In ord6r*to understand the nature of tliese ('onortions* reference i^iust 
bo made to the kinetic theory of gas(‘s, on the ha^is of which the factors 
were deduced. 

The volume of a given ma.ss*of g is may be coiisKlered asYlie sum of two 
quantities, the space occitpit'd liy the moleeiih s tluansflveH iflid/^at which 
separates them froui ono^anothor, the iormer heing small in eomjiarison with 
tho latter when*the gas is not slreiigly caffujireswed. Ohvioiisly, the volume 


* I.e. the tangent t<»thc;yv-^< ctifjo slieuM Ik* lioii/tmtal wlieii 

• * ® Gray jiimI Burt, Trani<. Chnn. Soe , IDOi', 95 , ♦ « 

* Compifissibility mcasurniiciits at pieBsuics helow alinosibeiic iire <if great utility, iia 
already statecl, Avogadre’s liyfiolliobis )<iuvi<li-s a ntcifiis ol iiiuhiig the molcciilai weight# of 
subJtancosin the gaseous state. But ub the liyjfotliesis ir(]iiir('.s ga'vs (0 be conijiarcd under 
the same conditions of tcmporatiiro and ]ee.->!»uic, and miioo no two g*sc8 behave alik^ 

itowards changes of temperutuic and picssuie, ih oh,vion.s that under ordiiiArj^coiiditidns 
•the hypothesis canfiot be stiictly uccuiato. It is po.snhle, luavcvf'i, by^easuiing the 
extent to which differont g.iscs deviate lioni Boyle’s Jaiw to inl^oduce^orrections for these 
deviations. The method 1? oxjilaiticd in Chap. I\h p. 13C. * 

Van der Waals, Kontinuitat (ter gasfi/i-rnigai u. JlxlssvjeiC'Znstandes, Leipzig, 18^1. 
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available for compression in the spaces between thoinft>l^nles only.^ 

Further, according to the kinetic thiory, the molecules are considered as 
being contiiwionaly in motiofi, perf^fttlj elas'iic, ar^l by their impacts with the 
sidps of the conbiining vessel, or with any surface eiposed to their action 
setting up th^ pressure wliicli is recognised as gas pressure. 

The first co^Toc^ion whicli nnist bo introduced is duo to the size of the 
molecules, the effect of which will be inad/> clear by the following con¬ 
sideration. If a sphere of 1 cm. diameter start to roll by the shortest possible 
path from one sitlo of a box to tlio otlier, 100 oms. away, it will strike the 
farther sido after moving over, 99 cms., whilst a spliere of 2 cms. diameter 
would necd^to cover oidy 98 cms. If, further, the two isphcrcs move 
backwards and forwards with the same velocity, it is,clear tliat the larger 
sphere will make tlie greater nm'nber of impacts p^r second, JIcneo, the fact 
tliat a molecule is of finite size moans tivat tlie number of impacts made, and 
therefore the ])ressure set up, is greater tlian if it were indefinitely small; 
and most marked is tins diftbrenco when tlio sj)aco through which the 
molecule is rer|uire<l to move before nnjiact is nmcli reduced, as when a gas 
is subjectofl to a high pn\ssuro. Kvi<lontly, then, the actual pressure measured 
is greater thai^ if the molt'cidos wore iudolinitoly small. Van dor Waals found 
that this increase in pressure was equivalent to a reduction of the volume 


available for compression^^n the ratio - - whore 6 is dependent on, altl/ongh 

V - 6 


not equal to, the space occupicMl by the molecules.^ 

The second correcting factor was introduced to allow f^)r the fact that gas 
molecules arc not enlirely witliout nifluenc(5 on one another; for although it 
is true that at ordinary pressure the atti'aetion may be neglected, at high 
pressures it is quite appreciable. Joule and 'I’honison (vuk p. 42) 

proved in 1854 that when a liighly com;)rc.sse(l gas was allowed to expand 
into a region of low ('/..ssuro in sucli a manner that no work was done against 
external pressure, it ;ieverthe]ess'oeeame slightly colder than before.^ Tliis 
phenomoron, which was true fn.’ all gas(‘s examined except hy(V‘ogcn (and 
helinjn and noon /nnst now be included),’’ is ex])lajncd by the assumj)ti(>n that 
at high pressures consiihirable attraction (ixists boiwfen the molecules of a 
gas; cependiture of e'lergy is necessary to ovcrcoim* this attraction when 
expansion occut.s, and conse<picntly a cooling otl’ect is the roj^uk. At the 
centre of a mass of gas, the molecules will bo attracted equally in all directions,so 
that in effect the attractive forces neutrali.se one another. Hut near the sides of 


the containing'Vessol, tlic molecules must booi llie whole attracted backwards 
towards the centre of the mass, and for this reason, the velocity with which 
they striae the sides will be somewhat diminisiied. The observed pressure is 
therefore loss than would be meamircd if the molecules wer^ without attrac¬ 
tive influence on one another. It was assumed by Van ucr Waals tl^t the 
attractive force bqfwecn two nioleculoj was propcvtional to the proauct of 
tl^eir inassHS—that is, to the s(inarG of tlio dchsity of the'gas—or, in turn, .tq 

where V is the volume. 'I’his factor may accordingly be written in the 
form a/V*, where a is a constant depemling on the nature of the ^as. tf P 


^ As a%fttter of fact, lie calcukitod ‘diat h is equal to /oar times the actual volume* 
occupied by pie molecules. Others give the Value 4\/2. 

* This corJiug e^Tect IS the loasis of the modern method of liquefying air, oxygen, etc. 
•With hydrogen, helium end neon at ordinary temi'eruturcs a slight heating eflc^ is 
produced. 
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reprraests fte ofServed pri^sure of a gas whose Wume is V, the tru® preseme^! 
that IS to say, the pressure if no aftraiLion occurred—would be P + o/V*. ; ^ 
By the introduction ofc these ui fetors into-the gas equattoni, tji« 
ihodiRed form known as van der AVaals’ Equation is obtained— 

This equation expresses tlie behaviour of a gas over a wide range of 
temperature and pressure with much greater accuracy than doestlio ordinary, 
gas equation. ^ « 

. The DihUsion of Gases. —Tt is a oommon oxpcriencce tiiat heavy 
vapours, sucii as bronync, can travel ujfwards and make thciy presence known, 
if not by their coRnif, l)y ilioir puiigent%r unpleasant odour. Early ex-* 
perimenters on gases found that a mixture of two gases of different densities 
do not separate out into layers witli the ^f^uvy one uuderncath, and Priestley* 
found that when two gases are carefully bronghljUogetlior with tlio heavier ono 
underneath, they slowly pass into a iiomogeneous mixture. Dalton, in 180V 
alfcip found that any two of the gases air, nitrogen, hydrogen, oxygen, and 
carbon dioxi^le always tnix when put into eommunication by in^ns of tubes. 

In re2;i DoboremfT observed that hydrogen collected in a ilask with a. 
very^iiG cracl^ escaped into the air, and water ros% into the flask, although 
no hydrogen escaped when the flask was surrounded by a cylinder of the 
same gas. 

The explanation of this phenomenon was furnished in 1832, when, on 
repeating Dobcreiut'r’s experiments, (Irahani found that as hydrogen escaped 
air entered the vessel. The actual law according to which this diffusion 
occurred was discovered by Uraham in a .sf*ri^ of experiments^ in which tubes, 
from six to fourteen inches in letiglb, were closed at one cud by a tliin porous 
plug of plaster of Paris, Idled witli gas over water, and^lifi'usioii then allowed 
to proceed. After a given time, the rcsiflual was analysed in order to 
determine ^lie amount of the original gas ifimaining and the amount pf air 
whicli had entered by ihffnsion. * • 

Draham found that•^/^c raie oj dilhi/non oj n. tj<u is inverse!t/propo'Aion<xl 
to tlx sqmre root of i^s deitsi^. 'fids deduction uas*ba.srd on the f(]^lowing 
results• • . • • ® 


Gas. 


Hydrogen . • 

Metbaaie . . * . 

OarbA, monoxide 
Nitrogen . . 

Bthylenc . 

Oxygen .... 
Hydrogen sulphide . • 

Nitrous o^de . 

Carbon dioxide , 

Sulphur dioxide 


(An--]■.) 


Velocity of 

Vs/~d. 

^ Diffusion. 

. (Air^l.) , 

0-06919 • 

• 3-79.35 

3-83 

0-559 

1*3.375 

l*34i 

0*9678 

1 0165 

1-1149 

0-9ii:5 

• 1*01-17 •» 

1*0143 

0*978 

1*0112 

4*0191 , 

1*10.56 

0 9510 

0*9487 

1-1912 

» 0*9162 

0^6 

1 52? 

0-8092 

0 82 

1-6^ 

0*8087 

^ 0*812 

2-247 

0'6571 

0*«8 , 


• 



^ Ohsei-vativiis on Air^ 2 ^ ii\. 9 *• • 

* Dalton, Mem, Manchester Phil. Soc., 18#5, p. 259. 

* Graham, Phil*Ma<j.^ 1833, 3, 175. 
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.<»The plaster of Paris plug ca? be MpIaOed by other porous ma'Seriol^ ape 
J5 stucco, buti-Graham found* tl^e peat ;iiaterial was a plate of artifioia 
graphite, tf'5 mm. thick. To dbraonstrate thfo diffei*ence in the diffusi? 
powers of different gases, use may also be made of thin-walled cells of ul: 
glafced porcelain 

Invoatigationa were also carried out by Graham in which a metal plate 
pierced by a very fine hole, closed the tubG containing the gas. In thes 
experiments the gas was forced through the aperture by a slight excess o 
pressure in the tube,'and its passage outwards under these conditions wa 
termed effusion. For any one^gas the rate of effusicn was proportional to thi 
«diflbreuco olf pross\ire on the two sides of the plate, and foi^ different gase 
under the same pressure conditions the rates were, Iil<b the rates of diffusion 
inversely proportional to the square roots of the densfties. 

' It may be added tliat the law of diffusion or effusion of gases, experiment 
ally demonstrated by Graham, cac be deduced on the basis of the kinctii 
theory of gases. ** 

If a thick porous plug is iiscd, the rate of diffusion is no longer propor 
tional to the square root of the gaseous density, for the friction of a'gaj 
with the sidfs of the pores reduces its velocity. The actioh ia indeed 
similar to the passage of a gas through a narrow tube, a process which ii 
called transpiration, and which concerns the passage of the g«s bodily Htbei 
than with diffusion by molecular movement. 

The facts concoruing tlie rate of diffusion of a gas have received practica' 
application in the process called atmolym, whereby the constituents of a 
gaseous mixture can be partially separated. Thus, if electrolytic gas b( 
passed slowly through a porous clay tube, so much of the hydrogen will 
escape by diffiision through the walls that the gas collected from the end ol 
the tube will no longer explode. If, instead of electrolytic gas, steam be 
passed throiigh theHhbe and heat^ed to a white heat, it is possible to demon¬ 
strate that a partialvdissociafcion occurs by the fact that the steam jssiiing is 
mixed with an excess of oxygein Similarly, the products of the’’dissociation 
of ammonium chloride may be partially separated, .or again, argon can be 
concentrated in its mixture with nitrogen. As a practical means of purifying 
games','iioweycr, the process of atmolysis is of little use.'* 


Vapour TKNsroN and Boiling-Point of a Liquid. 

<. 

Every liq:dd exliibits a tendency to evaporate or pass into a state of 
vapour. If a liquid is sealed in a tube from Avhich air has been removed, 
evaporation will occur unti*, for sny one temperature, a state of equilibrium 
is reached between the vapour escaping and that re entering tho.liquid. 
In this condition^ythe pressure which the vapour exerts, called its vapout* 
pressure, counterbalances arid is therefore e^ual to the vapour tension, 
tendency of the liquid to evaporate. The vapour tension and vapour pressure 
increase‘with rise of temperature, and in order thkt the actual value of the 
.vapour tension may be measured liquid must be present as, such. Siooc 
under tjiese cjnditions the vapour preSsure is a measure of vapour tension|,- 
tiie twootft’ms are often employed Indiscriminately. 

Two methods are available for the determination of vapour tensions > 

<1 *_^ »_ ' 

* Oruham, Phil. Trana., 1868, IS3, 885. 
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Xl^.Tfe ^cailkd gtaticol method which tho depreffifon of 
column caused by evaporating li^id liboye tho mercury is measured, ' ■!' { 

( 2 ) The dyTUimical meKiod, whicb cofisiste in causing tlie fiquiR to' 
under a definite pressure and measuring tho boiling-point by • ilumereii!g‘l^^ 
thermometer in the vapour.* • 

On plotting the vapour tension against tVe tomperafurc, a curve of th« 
general form indicated in fig. .t is obtained. Its lower limit is normally the' 
melting-point of the solid (or rather tho triple-point), but since i liquW caU, 
be supercooled, the vapour tension curve can be extended below the meltiijg*- 
point; the upper limit is tho critical temper^ure (vide infra^ p. 38). 



^ Fk;. 3. —Genoral fonn of vanour tfiision curve. 


Tho following figures 2 represent tho japour tension (in millimetres 
mercury) of water at various temperatures. • 


•c. 

*•20 

-10 

0 

5 

10 


mm. 
0-9fi0 
2-lf.9 
4^78 
6-628 
9-179 



non. 

*(J. 

mm. • • 

i% 

15 

12-728 

♦.0 

, 526-00 

20 

17-406 

10% 

760-00 • 

300 

25 

23-646 

120 

1,603-00 

» 360 • 1 

50 

92-17 

150 

3,578-00 

. 360 1 

Tt) 

289-32 

200 

11,625-00 

364 3 1 

is 

not only tlio 

• * i 

vapour telision ctjrve,«birt, also, 


mm. 

29,961 

67,62C 

126.924 

1#,86E 

147,904 


WW..W. .M vi.v w;iianju ouivc,«uia aisg, atr w 

be evident from the dynamical method of measuring vapour teoBiona» tl 
curve indicating the relationship between boiling-point and pressure. F 
the hoUing^oint of a liquid is defined as the highest tempoi1*ture attaiuah 
by a liquid under a given pressure of its own vapour, when teat is applh 
externally and evaporation occurs freely from the surface. Thusffrom tl 
above table, the boiling-point of water at 760 Jiim. pressure is 100* 0., 1 
1S03 inm, 120‘‘*a,id at 92-17 mm., fiO’. 

Hv'ijept in special casjjs, such as in molecular weight determinations, tl 
temperature of the-wapour isAing fifim a boiliftg liquid %id not that of tl 
liquid itself is measured. Wlfbn the latter is required, two methods, naml] 
those of Beckmann and Buchanan (the latter as used in the Landsberge 
Samurai s^pparatus), are available. In tho former process, the source of 
la external (usually a gas flame), and«8uperheating and boiling witl^bumpia^ 

-5----a. ---- 

* For the pwctical details of these mctliods see, for exanipk^, Ostwal® and Luther,* 
Afmiinffen {Zrii edition, Leipzig, 1910). #Tho*two ifiethod#are found to 
gjttlaentiQiu resultsfseo Menziea, J. Amr. Cfiwi. Soc., 1911, 32,1616). ‘ 

i*iidolt-'Boni8tein, Physi^ali^-chemisidie Tabtlkn, Berlin, 1912, 
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are« liable to occur. To eliminate superheating, .pieces of gradSte,* porona 
porcelain or, best of all, platinun? ferabedra are added. Whatever the 
methodf'of Keating, however, a buW)le*of vapour*formed at the bottom of a 
mass of liquid is under a pressure not only of the vapour, hut of the liquill 
column also, riO,that when boiling occurs, the temperature at thj bottom will 
be slightly greaterthan that of the surface layer.^ 

The boiling-point of a liquid is therefore ^<euerally registered by immers¬ 
ing «the thfermometcr, witli its bulb surrounded by some material, such as 
cotton-wool, which has a large surface, in the vapour arising from the freely 
boiling liquid. A constant teihperaturc is registered when the rate of con¬ 
densation of^vapour on the cotton ccpials that of evaporation.^' 

Neither air ift)r any other va|X)ur must bo present,^foathe pressure exerted 
would then be due in part only to the vapour frorti the liquid under examina¬ 
tion, and too low a boiling-point would be registered. 

At high temperatures, boiling-point determinations are effected by 
measuring, either by platfunm resistance thormonieters, or by optical 
pyrometers,^ the temperatures at which vigorous ebullition of the liquids 
occurs. In Greenwood’s moasuroments of the boiling-points of metals, the 
latter were htated, either in-a carbon tube crucible or in ond-of /graphite 
lined with magnesia, by an electrical resistance furnace, and when vigorous 
ebullition occurred the* temperature was noted by an optical pyroVneter 
directed against the bottom of the crucible. 

Besides being dependent on the })rcs8ure, the boiling-point of a liquid is 
altered by the presence of a second substance, and bcncu affords a valuable 
ndication of the purity of the liquid. The nature of this change of boiling- 
point can be deduced from the discussion of the vapour pressure of mixtures 
given in Chap. WI. ^ 

f * 

THE B,OILING-POINTS OF THE ELEMENTS. 




’IClemout. 

Boiliiig-l’oiut. 

Pressuro. 

Autheyily and Roferencp. 

Cl 

' 


^ r 



mm. 


Helium 

-208-7 

760 

OiiiiPS, Pror. K. Akarl. Wetemch. 
AmsL, 1908, II, 168 ; 1911, 13 ,1093. 

Hydi'ogeii . , . 

- 252-78 

760 

Traversj, Sentei, and Jaquorod, Phil. 
Trans., 1903, A, 200 , 105. 

Nitrogev . ‘‘ . 

-195-67 

7eo 

K. T. Fischer and Alt, Ann. Physik, 
1903, (4), 0 ,1149. 

Ramsay awa Travers, Phil. Trms., 
1901, A, 197 . 47> * 

Krypton 

-ui-? 

, 760 

Neon . 

- 240 approx. 

760 

Travers, Senter, and Jaquerod, Iff'X cit. 

Tluoriue 


760 ^ 

Moissan u.id Dewar, Cotnpt. rsnd., 1897, 

(. '' 



rji 4 , 1202 ; 1903, 136 , 786. 


* Soe the Karl of Berkeley and Ajipluby, I'roc. Roy. Soo.y 1911, A, 85, 477 . « ’ 

* For details ^boiling-point measurementapsee Bamsay and Young, Phil. TVaas., 1884, 
'175, 37 ;'-0^waIa and Luther, Fhmiko-^cmischc Messungen (Leipzig, 3rd edition, 4910 ) ^ 
also Travtfrs, Sentor, and Jaquerod, Phil. Tmn^., 1903, A, 200,105; Sumorfopoulu8, iVoc. 

80c., im, A, 81,^399. 

* See D.'Berthelot, rriui., 1896, 120, 831; 1898,126, 410; 1902, 1^, 706 (fOf 
Cd and Se); F4ry, Ann. CHim. Phys., 1903, [vii.l, 3 $, 428 (for Zn and Cu); Oreenwfiod, 
Me. Rcy. 80 c., 1909, A, 82, 396 ; ibid., 1910, A, 83, 4S8. 
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Boiliiig-PoTiit. PresHuft. 


Authority and Reforoiu'e. 


Iodine. 
Phoffphoi'us. 

Mercury 

Sulphur^ . 


Rubidium 

Potassium 

Cadmium 

Sodium 

Zuic . 

Magnesium 


Lithium 

Bismutli 

Antimony 

Lead . 

Aluminium 

Manganese 

Silver . 

Chromium 

Tin 

Copppr 

Kicker 


• ai8i-8r> 
‘->79-5 


Sublinies. 

670 

890 


loss than 1390 

• 

above 1400 
1420 
14-40 
ir'25 
1800 
1900 
1950 
2200 
2270 
2310 

234C . I 


Ramsay and Travers, loc. cit, 

Tiavcrs, Senter, and Jaquerod, loc, eU- 
Ramsay and Travers, loc. cit. * 
.Johnson and M ‘Intosh, J. Amcr. Chom. 

1909, 31 , 1138. 

Ramsay and Young, Traitk. Chem, Soc.,^ 
1886,49,453. ^ 

Jolibois, Thtse, Pari.s, 1910; Comft. 

rend., 1910, 151 , 383. • 

Ileycock and Ijiimplougli, Proc. Chem. 

1912, 28 , 3. 

Chappuis anil JIarkor, Phil. TVana., 
1900, A, 194 , 87: Chappuis, Phil. 
M(uj.^ 1902, (vi.), 3 , 243; Kumorfo- 
ponlus, Proc. Roy. %■., 1908, A, 81 , 
339 ; Calhmdarand Moss, i&M2.,1900, 
A, 83 , 106 ; Waidner and Burgess, 
Jiiimm %tand. IVaHhinqfon, 1907, 3, 
3, 346. 

Uufl'and Johannsen, Ber., 1905, 38 ,8601. 
D. Berthelot, Comp, rend., 1902. 134 , 
706. ^ 

RuO’aud Johannsen, loc. cit. 

Weyeook and Lomplnggh, he. cit. 


Greenwood, Prge. Hoii. Hoc., 1909, A, 
• 82 , 396 ; 1910, A, 83 , 483.® , 

Isaac and TamtinAn, Zeitseh. anorg. 

Che.m., 1907, 55 , 68 . • 

Deville and Troost, Compt. rend., 1863, 

56 , * . . 

Rutl and Johannsen, toe. dt. 

I Greenwood, loc-. dt. 


Kickel’ , . 234C _ 1 30 mm. RulF and Mcdip^^Zeit’ich. aTiorg, Ghem., 

, . ^ , • G'^4,88,410. 

. . 2416 • ,, j Rufl'and Borman, 19i4, 88, 888? 

Iron . , . 2460* 1 atmos. ' Gr|onwood, loc. cit. ; Ru(f an^ Borman, 

_ • ___ ‘ opm cit., p. 259. 


rhodium, 26U0; ruthenium,2620. gold,2530; pallaniuin,2640i ir<dium, 2560; moiybleouro.3200: illlootL 
•8600 ; boron, 8500 ; tm^sten, 370o. * , ^ 

Critical* Phenomena. % 


All gases, when submitted to pressure and cooled stifficiAitly, ®re reduoed 
to^the liquid state. Of the two factors involved, *namely, temperature and 
pressure, the former is by far the more important, since it is possibljf to 






88 MOfiBllN, OHSlWli* 

liquofy a. gag at ordinary atmospheric nressure by lowering Its tefiipwaturg 
,sufficiently. Thus, at the tempcrutuye bt bpiling hydrogen, all gages eioept 
helium pass into either the liquid er the solid state. On the other hand, it 
is seidorn that a pressure as great as 100 atmospheres is required to effect' 
liquefaction, ^Ijo uselessness of very high pressures is due to the fact that 
for each gas there is-a temperatnro above which it cannot be liquefied. This 
temperature is called the critical temperatvre (T,) of the gas. The pressure 
necessary to effect liquefaction at this temperature is termed the cn’h'cah 
^mure (P,); it is the highest pressure ever required to effect the liquefaction, 
Few critical pressures exceed 1 (» atmospheres (see table ou p. 131). Before 
the existened of the critical temperature was known, howeVer, pressures 
enormously iu exotas of this were tried, Nattorcr' applying pressures as great 

as ,1000 atmo^iheres, but without sue- 
cpcding in liquefying hydrogen, nitrogen, 
orygen, and carbon monoxide, even at the 
teuiperaturo of the solid carbon dioxide- 
ether mixture (p. 39). 

The existence of the critical tempera¬ 
ture was first noticed for efhor»and a 
number of other volatile liquids by 
Cagniurd de la Tour in 182^ The signi¬ 
ficance of his results was not appreciated 
at the time. Later, Faraday seems to 
have recognised in the “Cagniard de la 
Tour Temperature" of a subslance the 
superior limit to its existence iu the liquid 
' state; but it was the classic work of 
.Andrews,* commenced in 1861, which 
yeally led to the discovery of the critical 
temperature and of the connection be¬ 
tween the liquid and gaseous states. 

Andrews described his experimental 
results in the following words: “ On 
• Volume —» ' partially liquefying' carbonic acid (&r- 

Fio 4. —Andrews’curves for carbon bon dioxide) by pressure 'alone, and 
' dioxide. gradually rai.sing at the same time the 

, temperature to 88 * F., or 31'I' C., the 

surface of demarcation between the liquid and ^s became fainter, lost its curva¬ 
ture, and rt liulo disappeared. The space was then occupied by a homogeneous 
fluid; which exhibited, when the pressure was suddenly diminished or the 
temperature slightly lowered; a pocidiar appearance of mo\ing or flickering 
strisB throughout its entire mass. At temperatures above 88 ° F. no apparent 
liquefaction of carborio acid, 05 separation into two distinct forms, of niatter, 

^ coqld be effected, even when a pressure of 300 or 40Q atmospheres was applied. 

' Nitrous oxide gave analogous results.” ^ 

The isothermal curves for carbon dioxide, as delorminod by Andrews, %re' 
shown in fig. 4^ Each curve at temperatures below 31'1° C. is mflde up of 

’ Natteior,''/. jnrejet. Chem., 1844, ^i, 374; 1846, 35 , 169; 1862, 56 , 127 : Pugg. 
^aaa/ea, ISltt'ea, 182 ;4866, 94 , 486. 

^ Cagniar*dc lo 4our, Aim tChim. Phys., 1822, 21 , 127 ; 1823, 22 , 410. 

“ 'A-ndrewa, Phil. Tram. , 1369, 159 (ii.), 676 ; 1876, 166 (ii.), 421. 

VMiller, Chemical Phyeks (Loiigniana & Co.), 3rd edition (1863), p. 328. 





Ot fetfeMESTO AND 

'■• -i V ■ « ’ .. • 

part#, tJie middle portion being horizontal, and ah .changt hf’. 

gradient occurs on pawing from ^lie K^rizontal part to the other portions df 
the isothermal-' , Their significance n*ay*fco explained with refei'enc^ to the 
iSothermal 21*5* 0.. The portion AB represents the oomprossion of vapour, 
(A gaseous substance is called a vapour wlu'ii its temperutara is below its 
critical tompemturo.) At B li<piefaction coinnynoes; tlie volume diminishes 
as liquefaction progresses, but rtie jjresMure rotjiaitis constant and equal to the 
vapour pressure of liquid carbon dioxide at 21-.')* C. At 0 li<piefactiqn is 
complete, and the portion 01) represents the compression of litpiid carbon 
dioxide. 

The horizontal portion diminishes with rise of tcmporaturo, an^l at 31*1* 
the critical teinpcratui|g, it dwindles to nothing, liquid and •atnrated vapour 
at the critical pressure havtng the same specific volume. Tlie isotherraals at 
temperatures above 31'1*C. oxhibit-no abrupt ciiange of gradient, and no 
portion of them corresp^inds with an equilibrium between liipiiil and vapour; 
at these temperatures all visible distinction bet^veon the liquid and gaseous 
states has disappeared. 

• The critical phenomena, so carefully observed by Aiitirews in the cases of 
carbondioxWe and nitrous oxide, may be observed with all sultslanccs wliich 
can be obtainexl as gases and liquids. 

A number^f critical constants are given in the table, p. 131.2 

lUQUEFACTlON OF OaSKS.^ 

The first gas to be reduced to tlie liijuid state was sulpliur dioxide, whicli 
was liquefied by Monge and Olouei.* In 18^5-6 Northmoro liquefied chlorine,. 
hydrogen chloride, and sulphur dioxide by compression.'' Tlfti first syatetnatic 
investigation on the liquefaction of gases is due to Fj^iday,'’ who sealed up 
the materials necessary to prepare the gai9*iu one limb ol*a beeit tube, oooleu 
the other limb in a freezing mixture of ice^and salt, a«d goiierateil the gas 
within the closed tube by mixing and warming the^maf^riuls. finder the 
combined influence of#cold and pressure a number of gases wore liquefied, 
including sulphur dioxide, hydrogen sulphide, euchloriiie,^oyuiK)gen, ammonia^ 
carbon dioxide, and nitrouS oxide. The method *wiis rathvr dafigefOUs^ 
frequent expioaions occurring in the experiments on the last two gases. 

Thilorier, in 1834-, prepared liquid carbon dio.xide on a large scale, urilng a 
wronght-iron apparatus and employing Faraday’s method oLobtaining high « 
pressures.^ He also solidified carbon dio.xido, and discovered that when this 
solid was mixed with ether, an extremely convenient cooling medium 
(Thilorier’s Mixture) was obtained. 


' Andrews did not obtain accurately horizontal parts to bis isotliernials; the presMire * 
increased slightly as volume dimiiiielieil. aia^the alraosls vertical j)ortion8 of the 
chrves did not start abruptly. Thi| he correctly attributed to the presence of#a trace of^iiir 
in the carbon dioxide. 

• * Ifor methods of determiiAtion see Young, ,StoicAtomc/ri/(Longmans & Co. >, 1908. , 

** See rfso Hardin. Rise and Development of the Liquefaction of Gases (Macmillan & 

1899 t Ewing, The Mechanical Production ^ Gold (Camb. Univ. Press),J 908 ; aud Claude, 
liquid Air, Oxygen, and NUrogen, translated b^' Cottrell (Cliurohill k Co ), 19W. 

^ Fourcroy, SyAinus des eonnaimrtcesfhiiniques, f800, vol. ii. p. 74. * . , 

® Nofthmore, NxehoUon's Journal, 1806, 12 , 868; 1806, 13, 233 ? Alembi^Cluh ReprilUs, 
K<i.la,p, 69(Cl«y, 1896). . • • ■ » 

• Faraday, Phil. Tram., 1823^X13, 189; Alembic Club Hepnnis, No. 12, p. Kh 
Ann Chim. . 18.'J6. 6o. 427. 482 : 1839, 30, 122. 
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Faraday resuiuerl his work on the liq«cfactiot» of gfwes in He 

applied proHsure by inoani^ of two'air-pmnps, and availed himself of 
“Tliilorier’e'Jkfixture” in order toe(^)Uin low tenTperaturcK.. Hy evaporatilig 
this liquid under reduced pressure'-^ Faraday reached a temperature o! 
- IIO** C., nioasured by an alcohol thermometer, and succeeded in liquefying 
ethylene, silicon fluoride, pho^jhine and boron trifluoride, and solidifying 
hydrogen bromide, hydrogen iodide, cuchlorii7c, cyii, nogen, amnionui, sulphur 
dioxide, hydrogen sulphide, and nitrous oxide. Ho was unable to liquefy 
hydrogen, nitrogen, oxygon, nitric oxide, or carbon monoxide, and these gases 
came to bo known as tlie “ peridanent gases.” * 

r Natterer’S unsuccessful attempts to liquefy the “permanent gases” have 
already been nienftioned. Success in this direction was^firit achieved in 1877, 
almost simultaneously, by Cailletet in France and f’ictet in Switzerland. 

<* Pictet® reached a temperature below the critical point for oxygen hy 
judiciously applying the methods < that liad been previously employed. 
Liquid sulphur dioxide, boiling under reduced pressure at - 65° 0., was used 
to liquefy carbon dioxide at a pressure of 4 to 6 atmospheres. This liquid 
in its turn was boile<l under reduced pressure, and temperatures varying 
from -120° toe - 140° 0. were thereby obtained. The liiiuid cai^jon tiioxide 
cooled the highly compressed oxygen, which condensed to the liquid state. 
To this “cascade” method of attaining low temperatures, Picl'et added the 
method of continuous cooling; for each of the auxiliary gases, sulplmr 
dioxide, and carbon dioxide, underwent a continuous cycle of changes, being 
Ihpiefied, evaporated under reduced pressure, reliquofied,» and so on. The 
cryogenic laboratories at the Hoyal Instittition, London, and at Leyden, are 
equipped with low - temperature plant in which the cascade principle 
is adopted. ' 

Cailletet introduced the method of adiabatic expansion with the 
performance o^ extc-.'iial work. Tl*e sudden, adiabatic, expansion of a gas 
against an external pressure oausea external work to be perfornjcd by the 
gas, wbich accordingly .suffers a uiniinutlon in its internal energy^ and falls 
in tei^perature. , I’he lowering of temperature ohtapied in this way may 
'bo very great. Cailletet compressed the gas in a papillary glass tijbe 
confinetk over mercury to several hundred atmo>fpheres pressures, cooled the 
gas to alxmt 0*'to -20* 0., and then suddenly released tlie pressure. In 
this way ho succeeded in liquefying acetylene, nitric oxide, methane, oxygen, 
carbon monoxido, air, and nitrogen (the first two gases yielded to cold and 
pressure alone, Without any necessity for expansion^ and obtiiined indications 
of the liquefaction of hydrogen.® 

The process, as carried out by Cailletet, was of no use commercially, 
and it was not until 1905 that the' method of cooling by adt«.l?atic expapsion 
was successfully worked on a largo scale. The method employed Con¬ 
sists in dividing a supply of, gas, compres8C(Jf-- to about. 50 atmospheres, 
int^ two paries and expanding one suddenly in a cylhidcr fitted with a piston,* 
^ thereby performing external work and lowering the, temperature of the gas 


^ Faraflay, Phil. Tram., 1845, 135 , 156; Ahmhic Chih Peprints, No. 12, p. 88 . 

‘ * Thisnathod or obtaining low temperaUires was first used by Bussy (Ann. CJiim. Phys.^ 
1824, 26 . 63). ‘ . • 

* Pictet, CtyhlpL 7tf/uf.,rl877, 85 , 1214 ; Ann Cliim. Phtjs., 1878, (v,), 13 , 146., 

* CiilletGtpVoMpt^'rend.': im, 85 , 851, 1016, 1213, 1270; Ann. Chwi. Phyi., 1878, 
(V.), 1^,182. 

® ^illatet, Oounpt. rend., 1877, 85 , 1270. 
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below Hs Aitic^ point, ffhe cold expanded gaa is then utilised in coaling 
the other portion of gas, which Uquencj.at the. pressure employed, aiid the 
process is carried ou in a ct»ntinuous «mi#ior.^ The difficulty of lubvioation 
was largely responsible for the failure of previous attempts Jo carry out this 
process commercially. The lubricant cinj>loyed by Claujo* is petroleum 
ether, which does nob solidify, but only l».‘comos viscous at such low 
temperatures as - 140" to ^ 160" C. This procedure for obtaining low 
temperatures is conveniently combined with the lando process for liquefying 
gases, to be described later. 

Cailletet prepared huge quantities of li<fuid ethylene, which he recom¬ 
mended as a i'aluablo refrigerant, and, employing this liquid, ?) 0 'liDg undW' 
reduced pressure, a cooling bath, he succeeded in^obtaiuing liquid 
methane and oxygen as static li(piids.2 The em[)loyment of the same cooling 
medium by AVroblewski and Olszewski led to the production of li<piid oxygeTi, 
carbon monoxide, and nitrogen in the static form,^ and snbse<piently to the 
production of considerable quantities of tboso*liquitls, and the solidification 
of nitrogen and carbon monoxide, temperatures as low as ~*J00" 0. being 
refechod. The rapid evaporation of liquid ethylene in vaevo leads to a 
tompemturfi of ~ 152" C.^ The utility of liquid ethylene as a*rcfrigerunt w'as 
also recognised by Dewar,^ who prepared liquid air and oxygen in lai-gc 
quantities by Tts aid. * 

The modern process, by which liquid air, oxygen, etc., may be obtained 
in large quantities, requires tlie use of no auxiliary refrigerant; it may be 
called the methodof “self-intensive refrigeration,” and*was brought forward 
almost simultaneously by Linde and liainpsonMn 18U5. In this method, 
the gas to be liquefied is continuously supplied at a bigii, constant pressure 
to a long, closely wound, vertical, copper spiral tube, tuid iNlowed to expand 
through a valve attaclied to the base of the coil. •The gas escapes, and 
passes up at a low, uniform pressure, tiirvugh tlu- spacc*botwien the exterior 
of the coil and its metallic casing. Eacli portion ^f gas that expands 
through iJho valve undergoes a diminution in temperataire, and* the cold 
gas is utilised in lo^voring the initial tenqierature of tlM* portitm of gas 
next to be expanded,the cooling efieeb is intensified, until at length- tho 
gas liquefies. 

fn the otxjiuary Ilampson air-liquefiev (fig. 5) the air at A, carefully freed 
from carbon dioxide and moisture, is delivered into the coil at 150 to* 200 
atmospheres pressure, and allowed to expand at the iiozzlg D down to a 


* Claude, Compt. rend., 1J)00, 131 , 500 ; 1902, 134 , 1508; 1905, X 41 , 762, 823; see alao 

Mathias, 15tli 1W>7. ♦ 

« Cailletet, rend., 1882, 94 , 122 < 1 ; 1883, 97 , 1116; 1884, 98 , 1565 ; 1885, 100 , 

1033; Awi. Chim. Phys., 1883, (v.), 29 , 153. 

* WroblewBki and Olszewski, 1883, 4 , <#.5; Vomptfremi,, 1883, 96 , 1140, 

•1525; Wied. Annalen,\^%Z,‘yi,^\. • « 

* Wroblewski, Gimipt. rend., 1883, 97 , 166, 309, l.^i53 , 1884, 98 , 149, 304, 982 ; 99 , 
186 1 1886, 100 , 979; 1886, I 02 , 1010 ; Wied. An^alm, 1883, 20 , 860 ; 18}?6, 25 , 371 ; 
26,184 ; k 886 , 29 , 428 ; Olszewski, Monalsh., 1884, $, 124, 127 ; 1886, 7 , 371 ; 1887,, 8 , 
09 ; Phil. Mag., 1895, (v.), 39 , 188; 40 , 202; and Compt. rc7ul., 1884,09$, 366, 918 ; M, 

» 188. 184, 706; 1885, lOO, 850, 940; lOl, 238. , , ^ * 

® Dewar, Proc, floy. Inst., 1886, p. 550 ; cf. 1884, p. 148; Phil. Mag.*, 1884, (t,), 

18,210. • , • 

* Linde, The Engineer, 4th Oct. 1896 ; Soc. of Arts /.,«897, p. l(?fel ; Ei^. Pat,, 1896, 

Ifc. 12,628 ; Linde, H'ied. Ajinalifi, 1896, (in), 57> ^28 ; B^r., 1899, 32, 926. * 

Mampson, J. Soc. Chem. hul., 1898, 17 , 411 ; Fn^g. Pat,, 1895, No, 10,106. 
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presiwre only a trifle in excess of tltat of tlie aWo»phere; »Dout,irper cent 
, of the air passing through tile apparatuS is liquefied, and about a litre and i 
halt of liquid air may he obtained hi ai) hour. The liquid collects in E, ant 
is withdrawn by unscrewing the hollow spindle F(i. Owing to the differenci 
in the boilingippints of oxygon and nitrogen, the liquid air is considerably 
richer in the former element thgn ordinary atmospheric air. 

The cooling effect produced in the machines of Linde and Hampson is noi 
due U> a diminution in the internal energy of the gas caused by its perform 
ing external work against the atmospheric pressure, and mu.st therefore b( 
clearly distinguished from that utilised by Cailletet. iChe fall in temperatur( 
istthe rosult'of internal work performed in separating the gas moleculei 
farther from one <another, thereby overcoming the foi^f^ of attraction thal 
operate between them (vtfie supm, p. 32). Thii 
thermal effect was first studied by Joule and Thomson. 
It is quite small, amounting, in the casq of air at th( 
ordinar;^ temperature, to only 0'256° C. for a fall ir 
])ros3ure of one atmosphere. It increases, however, ai 
the pressure drop is increased and also as the initia 
temperature is lowered, and this oircumstaNce \^s pul 
to practical advantage by Linde and Hampson. 

<fhe application of this method to th% liquefadior 
of hydrogen at first sight seems out of the question 
since a slight rise in temperature occurs with this gas 
(vide supra, p. 29). If, however, tig) initial tempera 
inre of the gas bo sufficiently reduced, hydrogor 
behaves like the other gases, .and in 1898 Dewar,^ b) 
applying thb method to hydrogen previously codec 
y'ith liquid air, succeeded in obtaining liquid hydrogen 
» Rydrogen liqjiefiers have been subsequently describee 
,by Travers * and Olszewski;* the “inversion tempera' 
tpre” of hydrogen, below which it is cooletl by free 
expansion, is - 80'3° C.® 

Helium proved even more dfificnlt to licpiefy that 
hydrogen, but its liquefaation wfis at length accom 
'■ plishcd by Kamcrlingh Onnes by the self'iutcnsifyinf 
process, after initially cooling the gas to the temperaturt 
of liquid hydrogen." 

Liquid air and similar volatile liquids are usually 
, ‘ collected and preserved in the vacuum fi.a.sks introducec 

by Dewar. These are double-walled glass vessels, the space between thi 
walls being completely ovaemted, and the contained'liquid thereby vacuum 
jacketed. The heat conveyed by radiation across the vacuous space tl», thi 
liquid is only aboutgme-sixth of that wj)ich wjuld .each the liquid by con 
du^tion and»convection in the absence of the vi|}mutp jacket; and this can b( 



Fio. t.—Hampson 
liquofier. 


• I « 

' Joule and Thomson, /'/lil Tnms., 1853. 143 , 357 ; 1864, 144 , 321 ; 1862, IS 2 , 679f 
.* Dewar, Chem. News, 1900, 81 ,186. t ■ 

• * Travels, P/nl} Mag., 1901, fvi.), i, 411; TVw 8 'fadv (Macmillan 4t Co,, 19011 

* Olsrewskf, Bull. Amd. Sci. Cratow, ft02, p, 619 ; 1903, p. 241. • 

* Olazcwskft Bhil A^g., 1902,. (vi.), 3 , 535 j of. Bull, Acad. Sci. Craeovi, 1906 

, 792. a. • ‘ , 

* Xaiuerlingh Onnes, Compf. miA, 1908, 147 , 421; Proc, K. Akad. IPeUntak. 
fmaferdam, 1908, ii, 168 ; see also Nature, 1908, 78 , SjO, 
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diminiahedWo aSSut one-tljirtieth part if tha interior of the jacket is siharrf, 
The latter procedure, however, is iiApracticable if for anj purpose it is 
necessary to observe the centcnts of JihJefiask,' 

Propektiks of Soijds.^ 

• 

Melting-Point and its Determination.— Tlie familiar plienomenpri 
of the {Jassage of a crystalline substance from the solid into the liquid^tate 
occurs at a definite temperatiire known as the melting point. More accurately ■ 
defined, the raelting-poi#it is the temperaturS at which the solid and liquid 
phases can cxisft in equilibrium under a given pressure. The otl'eCt of pressure 
in altering the melkin^j-point is very small, as will be seen* by the following 
examples, and further, inci%ase of pressure may bring about eitlier a rise op 
a fall in the melting-point, according as the substance expands on liquefaction 
or contracts. 


Water (Ico).'-^ 

Carbon Dioxide.^ 

PhosphuniH.* 

• 

Melting- 

Point,* 

Prcssiu‘ 0 . 

Melting- 

Point. 

Prcssiuc. 

Meltiiig- 

•Point. 

• 

Pi'ossuro. 

“C. 

Atmos. 

“C. 

Atmos. 

•c. 

Atmos. • 

0 

. • 1 

-50-7 

f»-l 

44i0 

1 

- 2-6 

330 

-47-4 

500 

45-50 

50 

- 5 

015 

-38-0 

1000 

47-00 

100 

-10 

1155 

-20-.5 

aooo 

48-45 

150 

-16 

1625 

- 4-0 

3<^00 

49-85 

200 

-20 

2042 

-1-10 *5 

4000 

_t_ 

e,-» 

• 0 

300 

• 


The mfijority of substances have tlieir rrihlting-poiqts raised by %n iijcrease 
of pressure. •, ^ 

Melting-points as usually tabulated indicate the transition temperatures * 
from tlie solid to the liquid fiifcato at atmospheric pre»(sui^. 'I'he acewmpany- 
ing table records the melting-points of the elements.* Fof salts, the tem¬ 
peratures recorded by various investigators often vary considerably, aiKl no 
examples are included in the table.** 

Various processes are available for the determination of*melting-point8.' 
The first wliich may bo mentioned depends on finding the freezi^jg-poiiit of 
the liquid, for when certain ])recautions are taken the freezing-point and 
melting-point are identical. The precautions ar* duo to the fact that when a 
liquid is slowly cooled without agitation, or even, in some cases, when slowly 
and regularly stirred, the ^mperature falls below t|ie melting-point, or. 

• normal freezing-pofnt, and th^ liquid becomes supercooled. This^upercooled 
condition can be removed by the addition of a trace of the solid phaM (a, 
_^ __ •_ • 

* For distinction between “ amorphous ” and “ crystalline ” solids, see p. 47. 

. - * Tammann, Ann. Pkysik, 1900, [iv.], V 6 . • . 

“ Villard and larrv, Compt. rend., 1896, i®0, 1413 ; Tarnmann, Ann. pQysik, 18W, 
.tel, 68 ,683. 

• Httlett, ZtHseK. ^^ysikal. Chem., 1899, 28 , 660, 

- * See Hiittner ana Tammann, Zeitsch. anotg. Chm., muo, 43 , xio ; wmie, J. 
Schi 1909, [iv.l, 28 . 453 and 474. • 
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Hiin«to amount of ice if the liquid ia water) or by the production 8f the solid 
phase hy agitatiii<{ the liquify Both tReso .methods are followed in practice, 
the !att(?r tile more fre<iiie»itly. Whtfi crystals^onco appear in the liquid^ 
freoaiiij; rapidly takes place and the temperature, provided the degree of 
supercooling vra^ only small, rises rapidly to the eqtulihrium temperature of 
the solid-liquid mixture, that# is, to the melting-})oint. The Beckmann 
apparatus is very suitable for the purpose of tfio dctorniiiiation (see p. 146), 

Another accurate process (^nisists in surrounding the bulb of a thermo¬ 
meter with the finely divified material in a wide tube and raising the 
temperature slowly by moans of a hath maintained <‘«t a point only slightly 
Wgher than fne contents of the tube, until molting h;is begun.' I’he mixture 
of liquid and solW is stirrisd thoroughly, though not^apidly, the constant 
temperature registered being the melting-point. * 

• For substances of high melting-point, siicli as metals, a variety of methods 
has been adopted:— 

1. Tlie substance is henteef to its point of fusion in a crucible or porcelain 

tube, a current of hydrogen or of some inert gas being passed over 
the siirfacc of the metal, ami the temperature noted by insertirtg 
the pFjtected ends of a thermo couple; ^ # 

2. The substance is inserted in the form of a wire into the thermo-element, 
' and its tempertiiture raised until fusion occurs arfU breaks* the 

circuit;^ or 

3. The metal wire forms part of a circuit and is heated up in a porcelain 

tube together with the bulb of an air thermometer, the temperaturo 
being noted when fusion fjreaks the electric circuit.^ 


TH^ MELTING-POINTS OF THE ELEMENTS. 


Substance. * 

. * 

Molting-Pohit. 

* Authority and Reference. 

m 

# 

e 

IIoli\mi . 

f 

“0. 

below -270 

Onnes, Proc K. Acat^. IPdensch. Amsterdam, 

■4 


1909, 12 , 176.#. * 

Hydrogeti .* #. 

' - 2.^8-9' 

Travcr.s, Seiiter, and Jatpiorod, Pjiif^ Trans,, 
1903, A, 200 , 170. 

Neorti 

-263* 

Fluorine . 

-223 

Moissan nnd Dewar, Compt. rend., 1903, 136 , 641. 

Oxygen . . . 

-218-4 

Onnes and CibniHielin, Proc. K. Akad U'etensch. 


AmsUrdam, 1911, 14 ,163. 


- 219 

Dewar, Proc. Hoy. Hoc., 1911, A, 8 $, 689. 

Nitoogeu 

-liio-.f; 

K, T. I'lSfdior and Alt, /inn, Physik, 1903, [iv.J, 9 , 

• 

* 1149; 1902 ,p.209. 

Olszewski, Phil. Trans., ]89.^», A, 186 , 253. 

Argon . 

-189-6 

Krypton . 

• 169 

Ramsay and Travers,#PAfY. Trans., 1901, 197 , 87. 

Xenon . 

' -140 0 

Ramsay and Tflflvers, loc. citf. 

Chlorine, . 

-102 

Olszewski, MomtsKf 1884, 5 , 127. 

Niton 

- n 

Gray and Ramsay, Trans. Cliem. Soc., 1909, 95 , 

‘ 

« 

1073 . - 

Mercury. 

- 38-86 

VicentiniandOinodei, Atti. Acc, 7’yn»y,4887,23, 

Bromine. • # • 

- 7-3 

Van del Plaats, Jiec. Trav. Chm., 1836, 5 , 347. 

‘ , r 

. . 

... . _ _ _ _ 


^ Holborn ifud Day, yfan. PhysU'y 1900, [iv.], 2 , 605. 

* Holborn*anU loc'cit. c 

• Jaquorod and Perrot, Ar^i. Sci. -phys. mt., 1906, ^v.], 20 , 28, 128, 606 ; for othej 
proceeses see references given in table to H. von Warteuberg, and G. K. Burgess. 
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‘THE MELTING!P0INTS Op THE El-EMENTS —continued. 


" ■ ■ ■ 

m 

-.-• — *-- . . .. 

• • 

Substance. 

■ 

Melting-Point. 

Authority and Reference. ^ 

Cipsium . 

28-25 

• * 

Rengftdo, HhV. Sor. chnn., 1909, (iv.), 5, 994. 

Gallium . 

30'lfi* 

Leco'j do HoisIi.ukImii, CV/uyi/. mi/i*., 1S76,83, 611. 

Rubidium 

38-5 

Kidmaun and hollincr, A-unaleji, 185*7, 294^ 66. 

Phosphorus . 

44-1 

IfuleLl, Xci/grh, pfnjtyikal. Chem., 1899, 28*, ^66. 

PotaMium 

62’5 

• 

Kuinakow ;|tid Pnsihin, Zeitsch. anorg. Chem,^ 

1902, 30, 109. 

Sodium . 

97‘5 

Kurnakow and Pusohiii,/yc. cf/ • • 

Iodine . . .« 

^ IH 

• 

Lean and Whatmdugli, Truim <'hcm. S\oc., 1898, 
73.1-"'*'- 

Sulphur (rhombic) . 

112-8 

Smith and Carson, Zdtseh. phvsikal. Chem,,. 1911, 
77,661. •' 

,, {moiiodmic) 

119-29 

Smith-and Holmes, 1902, 35, 2992. 

Indium . 

156 

A, 'I’liiel, r.n ' 1904, 37, 17;,. 

Lithium . 

186 

Kahlliauni, Zvilsch. anorg. C/icm., 1900, 23, 220. 

Selenium 

217 

Saunders, J. Phfsv-al C/irm., 1900,4I, 423. 

231 -1)' 

Waidnerand Burgess, 7. Washington, 

1910, 6, 149 ; 1910, 7, No. If 

Bismuth. 

t 

268 

Heycock and Neville, Trans. Chem. Soc., 1894, 
6 fi. 66. , 

Thallium 

301 

Kuniakow and Pii.schin, Zertsch. anorg. Chem., 
1902, 30, 80. 

Ca/lmiuni 

321-0^ 

Waidrier and Burgess, Joe. dt. , 

Tjoad . . ^ 

326-9 

llollioin and Day, Ann T/nisih, 1900, (iv.), 2 , 
605. 

Zinc 

419-4* 

Waidiier and Burgess, Joe. ri(. 

Tellurium 

460 

.Matl.he}’ /Voc. Jioy. >%<■., 1901, 68, 101. 

Hirseh, J. bid. Kng. Chein., 3, 880. 

Cerium . 

63r> 

Antimony 

629 2' 

Day ami Sosmau, Awc^ J. So., 1910, [iv.], 29 , 93, 

Magnesium 

649 

Vogel, Zf-dseh. awyrq.^him., 1909, 63, 169. 

Aluminium 

658-0 

L*ay nift Sosnian, lor. rU. • 

Calcium ^ 

800 

Moissan i^id r'havaimefC"Wi/^< rend., 1906, X40, 

122 • • . 

Strontium 

ap|>rox. 800 

(jiintzau'lRoederer, CimytTrrnd 1900, l^, 400. 

Lanthanum 

• 810 

Mutliuiaiin and Weiss, A7i7!tnni, 1904, 331, 1. 

Arsenic (grey) 

• 817'’-550" 
(under pressure) 

.lolibojs, Coinfd. rciif^., 14*11, 152, 170tj 1914, 
158, 181 , (kiubau, lin'd., 1014*158, ni,* 
Mutlimanii and Weiss, Anmuen, 1904, 33I, 1. 

JVeodymium . 

840 

Barium - 

8.50 

Guilt/, Ann. Chim. 1‘Ihjh., 190.5, [viii.], 4, llo. 

Gerraaimim 

aitprox. 900 

Winkler, } 7 ra.ld. G/icnt., 1886, [n.J, 34, l‘/V. 

Praseodymium 

910 • 

Muthiuunu and Weiss, Joe. cd%^ 

Silver 

960-0' 

Day and Sosman, loc. cit. 

Gold . 

1U62-4* 

„ * • 

Copper . 

1082-6' 

Burgess*and \5{alteiiberg, J. U'aHkingdm. Acad. 
Si'i., 1913, 3, 371 ; ZdfH'-h. anorg. Chem.', 1913,. 
88. 361. 

Mangauese « 

•* 

’ 1260 

Glucinum 

1280^ 

api'VO’: h300 
approx. 1360 

Ik'ichter and ^blczynskif/^e/'., 1913, 46, 1604. 

‘ Zirconium 

Samarium 

• . 

Silicon 

• 

f434 

Mendcnhail and Ingei-wJI, I’hrjs. 1907* 

25»1- 

Nickel . . 

1452-3' 

Day and Sosman, toe. cit. 

Kalmus and Harper, Ca7iiv%i.n DefnrtiMnt ^ef 
jyiJb’.s, Iftpoit 309, 1914. • *. 

*H. C. H. Carpenter, J.Jron SUel*Inst.,\^Ji%,iW, 
290. Burge8^and*WaIt0libei^, tfie. eii. 

j Cobalt . 

1478±1-1 

Iron 

1605 


' Tojnperaturo ou thJe constant volamo nitrogen thermometer soale. 
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THE MELTING-POINTS OR THE EL^ENTS-coafwwi! “ 


, Substance. 

Melting-Point. 

^ t) 

Authority and Reference. ‘ 

Chromium . , 

1S20 ‘ 

Burgess and Wallenberg, he. cit. 

Palladium 

1549'2‘ 

Day and Sosman, loc. cit. 

Vanadium . . 

1720 

Burgess and Waltonberg, loc. cit. 

Thorium. 

greater 

von Wartenberg, Zeitsch. Ekktrochcm., 1909, 15 , 

Platinuih 

than 1700# 
1756 

866 . 

Day, Trans. FaradaT/Soc., 1911, 7 ,136. 

fl'itanium 

1795 

Burgess and Waltenberg, loc. cit. 

Ruthenium 

approx. 1900 

Myliusand Dietz, ^fir.,^898, 31 , 3187. Moissan, 

Ilbodiuni 

1907 

Compt. rend., 1006, 142 , 189. 

Mendenhall and Ingers<il], loc. cit. 

Culumbiuiu 

1950 

von Bolton, Zeitsch. Ehktrochem., 1907, 13 , 145. 

Osmium . 

2200-2500 

Mflissan, Compt. rend., 1908, 142 , 189. 

Iridium . 

2290 

Mendenhall and Ingersoll, loc. cit. 

Boron 

Volatilises at 

VVeintraub, Chem. News, 1911, 104 , 167 ; Tiode 

Molybdenum . . 

tenip.ofelectric; 
arc. 2000-2500 
2450+30 

and Birnbrauer, Zeitsch. anorg. Cltcin., 191 i, 
87 , 129. 

Piraniand Meyer, Ber. physik. Ges., 1912, *- 4 , 426. 

Tantalum 

2910 

Waidneraud Burgess, J. dcphi/siqae, 1907, [iv.], 

Tun^ten 

e 

3540 + 30 

6, 830. Piraniand Meyer, Bet*, physik. 

1911, 13 , 540. 

Langmuir, Vhys. lleoiew, 1916, [ii], 6 , 138. See 
also Waidtierand Burgess, loc. ciL‘, Piraniand 
Meyer, Ber. physik. ffr.‘».,*1912, 14 , 426. 

Violle, Compt, rend., 1892, 115 , 1273; 1896, 

Carbon , 

Volatilises 


about 3500 

120 , 868 . 


Vapour Pressure of Solids. Volatilisation and Sublimation.— 
All solid substances off vapour^ and exert a distinct vapour tension at a 
fixed temperature. The odour wliich certain solid substances emit is proof ol 
the existepco of a va^Knir pressurj. Jn certain cases, for example thase of the 
metal^, meUdlic p.^'ide.s, and salts, the vapour pressure must be exceedingly 
small at ordinary temporaUire, but the fact that many metals have been 
sublimetl under low 'proajurcs at temperatures fai below^their melting-points' 
atfortls evidence 'Of tKc existence of a perceptible vapour presb'ar'e even at 
ordinary temperatures. Zoughelis” lias found tliat a piece of silver foil 
expo^d for some months at the ordinary temperature in a closed vessel 
“containing a m6tal, or one of its oxides or sdlts, becomes amalgamated with 
tba metal.'orese.it in the substance (unployed. 

A solid substance which passes off as vapour without liquefaction is said 
to volatilise. By cooling the vapours so obtained, condensation to the solid 
, state is again obtained; the whole process of volatilising and condensatlfn b 
known as sublimation. Thus certain {immonnim ‘ salts, e..g. the chloride, 
arsenious oj^ido, and iodine (if* heated in a wi^e vgssel), pass off wholly ae 
f va^ur when heated at atmospheric pressure, and may be purified by the 
process of Sublimation. The exjSlanation of this phenomenon lies in the fetol 
that the molting* and boiling-points lie close together. Increase of freasurej 
. which raises the'-boiling-point considerably, but has little effect on the melting- 

• __ _j_; . __c_ 

‘ * T€mperatiir,fi on thc^opstant volume nitrogen thermometer scale. 

. • pemarv^, Compi. rtud., 1C82, 95, 183 ; KrafTt, ifer., 1903, 36 , 169C* lOftfi «ft 
.Kwlff add Bergfeld, ibid., 1803| ^ 254. 

ZenghoHe, ZiU$ck. physikal. Clum., 1906, $0, 219; 1906, 57, 90. 
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point,*wi® mnge of tenioomture between tbe fusion and bo<dfug«^ 

points and bring about liquofactipn. * , ^ 

The vapour tensions ofmmny soliAs nifty be determined froni the loss of 
' weight which the substances sustain when a known volume of air or other 
gas is passed over their surfaces.^ If the vajwur tensions arejuppruciablo, as 
in the case of ice, it may be measured by Oh* sialic method used for liquid 
substances (see p. 35). ® 

Th'o vapour tension curve of a solid subst?mcc is of the type shojvn ih 
fig. 6, the upper limit being the melting-point (or ratlicr, tlio triple-point). 
It does not coincide ewitli the curve for tlie supcrcoolcMl liipiid, but cuts 
it at a small aligle, as whs demonstrated on theoretical j^^rouuds b^ .5. Thomsc^i* 
and Kirchhoff,® im\ experimentally 
by llamsay and Yonng.^ A super¬ 
cooled liquid lias a greater vapour 
tension tlian the solid at the same 
temperature. 

OpYSTAIjAlORAPHY. 

Introduction. — Substances 
which are orfliiuirily classed as solids 
may be divided into two groups : 
those in which the physical pro¬ 
perties are the ^:i*ne in all directions; 
and those in which certain properties, 
such, for example, as expansion, ther¬ 
mal conduction, and various optical 
pro[)erties, have different values in 
different directions. Substances be¬ 
longing to the first group an* said 

to be amorphous, those belonging to the second gj'oiip ori/atalli'me., Th< 
is considerable evide^uce for the vi(‘\v that amorphous sfthstances aroroa 
supercooled li<pndsv^ iu which itase every true solid is crystalline, 
crystalline substance may bt .defined as one in wjiich d'rtani physical ptnpert 
differ in *diTferent directions radiating from any point withfn it. This aofi 
tion includes the various liquid crystals that have been studied by Lohma 
and others,^ but the vast raaiority of crystalline substanocs are solids, a 
these alone will be considered here. 

When a body passes from the litpiid or gaseous state or ?rom .solution 
the solid state, in favourable circumstances it assumes a definite geometrii 
shape, and is R^id to ci-yMaUise. A body formed in tins way, bounded 
plafte surfaces or faces which intersect iu rectilinear edyes and form so, 

^ See, e.q., Baxter, Hickey, and llohuos, J. A'ncr. Chem. Sof ., 29,127, ou the 

tension of iodine. Baxter a^d Grofto, ibid., J915, 37, lOOl. 

-• s J. Tkymson, Phil Mag. , 1874, [iv.j. 47, 447. 

* Kirchhoff, Pogg. AmiaUn, 1868 , 103, 208 . 

* Ramsay and Young, Phil. Trnjis., 1884, 17S' 37 and 461. ^ . 

^ In the prepaiation of this section wo have been Assisted by Mr J. E. Wynjield Rhog 

B^c., whom we take this opportunity of thanking. , * 

* See, for example, Tanimann, Sdimehen und AViata7/t^terCTi(Aiubro8ih8'»9arth, Leip] 
'4*03). 

^ Lehmann, FlUssige KcistalUi 1904). 
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angles or coigm where three or more faces intersect at a pome, «8 aaileci a 
cryitaL 

It i8»found that varioua tfirectiaA iy a crystalline substance are equivalent, 
those directions the physical properties are the same; and equivalent 
directions arejound to be arranged in space in a symmetrical manner. The 
symmetry of these arrangements is closely connected with the symmetry 
of the geomf trical shapes of crystals, and accordingly the latter are only the 
outward expression of the internal structures of crystalline substances. The 
discussion of the physical properties of crystals lies beyond the scope of this 
work, but a brief account will be given of the tmrphoJfny or form relationships 
of crystals, aiid of tlio connection between the crystalline form’s and chemical 
compositions of stbstances.^ ^ ^ 

Historical. —The scientiHc study of crystals' dates back merely to the 
ebse of the eighteenth century. Among tlie earlier workers on the subject 
wore Caesalpinus (I COO), who observed that the vitriols, sugar, saltpetre, and 
alum crystallised from solution in characteristic forms, and Hooke,who 
Bhowed in 16C5how the habits of octahedral crystals of alum could be imitated 
by building piles of spheres. The laws of tlio constaiK^y of tlie angles and 
cleavage directions were discovered by Stono^ and (luglielminif'^ b\;t were 
unfortunately not heeded until the invention of the contact goniometer by 
Carangeot in 1780 onablad them to bo verified experimentally by Eomtj de 
risle.^ The way was thus prepared for the Abbe Ueue Just llaiiy® to show 
how all the faces of natural crystals are derived from a few simple forms, to 
state the laws of crystal symmetry, and to apply tliem to^five of the seven 
now recognised. 

Geometrical Crystallography: Fundamental Laws.—The funda¬ 
mental experim^tal laws of cry.se.illograj)hy are the Laiv of the Goii^fancy of 
ATvgUi, the Laiv of liaiioiuxl Intercepts, and the Laws of Symmetry. The first 
of these may bo stated, ih the following manner: under the same physical condi¬ 
tions the angles between corresponding faces on various crysUils of the same sub* 
stance are^constant, no matter h(/.v much the shapes and appearances of the 
oryst^s may varyfe a result of unecpial development (fi". 7). In other words, 
the sizes of the faces on a crystal are not important, but only their inclinations 
to eaob^ther. Accoi’diiegly, whenever necessary^ it is p*ermissiblo to suppose 
the ftices of a'crystal ‘to move parallel to their original positions,*- in order 
that similar faces (see p. 50) may bo equal in size. 

The Ijaw of Rational Intercepts may be explained in tlie following manner: 

' Suppose any thfee edges of a crystal that medt at a point arc taken as axes 


' For further information tho reader la referred to tlie tollown.g works: Groth, 
FhysVcaliscke Krystallographie (4th editi.>n, Leij'zig, 1905); luttoii, Crydallography and 
Practical Crystal Measaremmt (Macmillan & Co., 1911); Williams, EUinenta of Crys^Uo- 
graphy (Macmillan & Co., 1892); Lewis, Treatite on Crystallomiphy {Qs-inhnAgfi University 
Fress, 1899); Miers, Mintralogy (Mfomillaii k C-o., 19f2); Baumhvuer, Die neuere Ent- 
. iokkelungder I(rystallographie {\\x\\mm<^, 1906); LubiVh, Physikalische Krijstallographifi 
p (Leipzig, 1891); Arzruni, PKysikalisclu Chemie dec Kryatalle (Brunswick, 1898); Fock,' 
Introduction • to Chemical Cryslallogrc^ihy, translated by Ptpe (Clarondon Press), 1896; 
ftroth, Introduction to Chemical Crystallography, translated by Marshall (^urnej^ k 
Jftckson, 1908); Tutton, Cnj'italline hilructurc and Chemical Composition (Macmillan & Cb», 
IftlO): and proth, tlheinisc^ Krystallographie, (Leipzig, 3 vols., 1906-10). 

* Hooke, Micrographia, 1685. * * , *■ 

* Steno, De'solido intr^ solidim naiuraliter contmto (Florence, 1669). 

* Guglielm^ng Rifkssiani filo^^he dedotte dalle, figure de' 6‘alt (Padova, 1706). 

* Romo del’Isle, CrystaUographie{Vnt\s, 1783). 

* Haiiy, Easai <Pune tiiiorU aur la airudura des cryataux, 1784. 
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of co-ordiHatoa. Any fate of the crj-stal will interaeot one or more ot tfce 
axes.i Choose ons of them which intersects the three axes aa the standard,? 
^and suppose the intercepts that thii> pljflio cuts off from the axes are a, 6, 
and c respectively, measured from the orij^in. It is only their ratio \hAi 
matters. Now suppose that any other face of the cry.stal c t^ off intercepts 
fc in the ratios ot x : y : z respectively. They*inay lie eiprossed in terms of 
a, b, and c as follows:— 


Jt is found tkht /{, Jc, and I are in the raitos of simple inteyers, rarely as lai^e 
as six. This law NwidWrst olwerved by Hauy. * 

Syntmetry. —It is found tfiat crystals may bo symmetrical with respect 
to a point, a line, or a plane. * 

When to each face on a crystal there corresponds a similar parallel face, 
the crystal is said to possess a centre of symmetry^ or to exhibit centrosymnietry^^ 
e.y., octahedron (fig. 10), cube (fig. 11). 

If on rotation about an axis, a crystal presents *. 

exHctljb the •same appearance ^ n times in one revolu¬ 
tion, the axis is said to be one of nfold symmeirv. 

Owilig to the Operation of the law of rational inter¬ 
cepts (p. 48), the only values of n are two, three, four, 
and six, giving rise to di-, tri-, tetra-, and /^€vl■(^gonal 
axes of symmetry,i and the only angles between pairs 
of axes of symmetry are 30*, 45’’, 60*, and 90*. An 
axis of symmetry is always jwrpendicnlar tc^ a possible 
crystal face and parallel to a. possible interfacial crystal 
edge. As an example, the diagonals of a cube bave^< 
threefold symmetry. • 

A plane of symmetry is a plane which,di^1dcs a 





(•Fic. 7. Ot’.tii]ifi(hoj) uii- 
•eijuaBy dovcloped. 


crystal info two symmetrical halves, such that if the pipe were*a mirror, 
one-half of the crystaj would coincide with the rcHcctcd inmgi> of tho*btIier 
half. It i^^ay bo nco^Rsary to move some of the faces pj^irallcl to themselves 
in order to observe this cdincidenco, but suoli a procedure js adKisipble 
(p. 48). A plane of symmetry is always parallel to a possible crystal face and 
perpendicular to a possible interfacial crystal edye. As an cxatnple,* the 
diagonals of a regular octahedron, taken two at a time, lie in^three planes of 
symmetry which are mutually at right angles. 

The preceding elements of symmetry may he associated in 31*differcnt 
ways; accordingly, coupting as one class the crystals which possess no 
symmetry whateyer, crystals may bo ela5>.sitie(P according to the typos of 
symmetry they exhibit into 32 clxsses.^ Kxamples are known, corresponding 
to 31 oT these types (see pp. 5J--54).4 


1 • 

* The face is siipposod to be extended, if neceasaiy. , 

® A centre of symmetry is lAt a true element of jJJ'mmetry, and centroayinmetry arww 
fronf a combination of reflection and rotation (p. 52). 

® Bearing in mind that only the inclinations, and not the sizes, of th# faces are of anj 
mnsequence. * , * 

* For simple proflfsof this and other important propositions, see H. Marshall,*iVoc. Boy. 

Soc. £din., 1898,32, 62. . * ♦ • • 

" Hesse), 1830; Gadolin, Ada Soc. ScUnt, Fenniea, Ildfingfors, 1867, 9» 1* 

#* The properties of crystalline sq^stances are such as to justify the conclusion that the 
STystalline structure is a homogeneous one, i.e. one the paitsof which are untfonnly 
VOL L. • * ' 
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Forms. —Corresponding to anj particular faco on a crystal,^Hhere are 
sertain other faces the presence qf which is required by symmetry j the 
number depends upon the nature oV tbj face and* on the grade of symmetry^ 
aihlibitcd by the crystal. A collection of faceiy the preeence of all of which 
u required by Symmetry^ provided one of them he present, is called a form. A 
closed form is such that its faces, produced, if necessary, completely enclose a - 
space; all ether forms are open forms. Foi^ example, in a crystal which 
possesses merely a plane of symmetry, the presence of one face necessitates 
the presence of one other, and the two faces constitute an open form. 
Clearly such a crystal must be made up of a combination of forms, each of 
ttt^o faces. Although the symmetry of a crystal may permit the occurrence 
of closed forms, it5"i8 the exception to find a crystal boar Jed by faces belonging 
to only one form ; usually a combination of two or'more forms is encountered. 
Only forms corresponding to the same grade of symmetry are found together 
in combination. 

The faces which constitute a form are said to be similar faces, and in the 
succeeding pages it will, for convenience, be assumed that similar faces are 
equally developed, so that the crystals assume their perfect geometrical 
forms, free frortl all distortion. 


i’e|)eated tliroughout. The i)robIem of determining the number of ways in which a homo¬ 
geneous structure can bo built up from its stnictural units is equivalent to finding the 
number^f ways of arranging homogenfous point systems in s^ace. This can be done in 
2 S 0 different ways, in each of which the planes of points within th; system are related to 
each other according to the hiw of rational interceiits; and the symnietiy of each of these 
systems corro.spond 8 to that of one or other of the 32 classes of crystals (Bravais, 
J. Vikole polytc(^njqi(e, PariSy 18.^0, 19 * 127 ; 1851, 20 , 102, 197 ; Sohneke, Zeits<k, Kryat. 
Min,, 1892, 20 , 445 ; Fedorow, Trans. Hues. Mineral. Soc., 1885, 1888, and 1890 ; Zeitsch. 
Mryst. Min., 1893, 21 , 67J*'; Schonflies, Krystalsysteme und Krystalsinictur, Leipzig, 1891; 
Barlow, Zeitsch. ffryst. dftrt., 1894, 23 , 1 1895, 25 , 86 ; Sci. Froc. Roy. Diiblin Socf, 1897, 
8, 627 ; Brit. Assoc. Report, 190^ 297; Pom, Chffm. Soc. Ann. ^ort, 1908, 5 , 268; 
Hilton, Ma^ermtical Crystallography (Olarendon Press, 1903). 

Th4 abstract geo,*netiic*l study of homogeneous assemblages, as perfected oy Fedorow, 
SchbnHies, and Barlow, undoubtedly leads to the discovery of all the possible arrangements 
of the stmctural units of crystals; but it does not afford any indication of the nature of 
these units, i.e., whethfer thfiy are atoms, molecules, or njplecular ooniplexes. The remark¬ 
able^ discovery,' dur to Laue, thlit a thin slice of a crystal acts as a diiTiaclion grating 
towards the X-rays and tlie discovery, by W. L. Bragg, that the X-rays are strongly 
refiedted at crystal faces, have, however, oMiied up an entirely new field of exiierimontaJ 
research which wUl, in the futuie, very probably lead to full knowledge both of the nature 
and disposition o\ the structural units of a crystal. 

An account qf the discoveries of Laue and Bragg, and of the researches to which they 
have led, fe beyond the scope of this book. The blowing references, howev^, may be of 
service to the reader: W. Friedrich, P. Knipping, and M. Lane, SUzungsh^. K. Akad. 
ffiss. Miknchen, 1912, p. .303; Ann. Physik, 1913, [iv.], 41 , 971; Laue and Tank, ibid., 
1918, [iv.], 41 , 1003; Friedrich, Pliysikal. Zeitsch., 1913, 14 , 1079; iVagner, 

14 , 3232} Stnrk, ibid., 1913, 13 , 973; G. Wulff, ibid., 191,3, 14 , 217; Mandelstam and 
Rohman, ibid., 1913, 14 , 220 ; ibid., 19&3, 24 , >'075; Ewal<j^ ibid,, I9IS, 14 , 465 ; 
ll&uKT and Ifspenski, Hid., 1913, 14 , 783 ; Herweg, ibid., 1913, 14 , 417 ; Debye, Ber. rfetW,* 
physikal. Qes., 1913, 15 , 867; ITupka, ibid., 1918, 15 , 809; W. L. Bragg, Nature, 1912| 

g ), 410; iVoc. Canih. Phil. Soc., 1SH3, 17 , 48; W. H. Bragg, Nature, 1912, 90 , 672 j 
arkla and Martyii, xbid., 1912, 90 , 436, 647 ; Moseley and Darwin, ihid., 1911it, 90 , $94 ; 
W. H. and \V. L^^Bragg, Proc. Roy. Soc., 19U. A, 88 , 428; W. H. Bragg, ibid., 19J8, A, 
69 , 246, 248; W. 11. and \V. L. hf&gg„,ibid., 1913, A, 277 ; Moseley and Darwin, 
Phil. May*, 1013, fvi.], 26 , 210; Barkla and Martyn, Proe. lAmdon i-hya. Soe., 1918, 25 , 
206; Toiada,' ^roe. Tolyo Math. Phys. Soc., 1918, 7 , 60; M. de Broglie, rend., 

1916, iSh, IS .^>3 ; M.' de Broglie and Lindemann, ibid., 1913, 156 ,1461; also the following 
leviewrf: Br.igg, Science Progress, 1913, 7 , 372; Barker^ Ann. Report Ckem. Soc., 1918, 

283 ; Kaye, A-Aai/# (Longmans h Co., 1914). 




ELKMllim AND wM^bNua 

Cc^tollog^raphic Notation.—In order to express briefly the vdHbtis 
crystal forms, a symbolic method is Employed,/uased upon the principles pf, 
cp^)rdinate geometry. A point within tile crystal is taken As’the'origin^of 
co-ordinates, and three cry^tailographic a^es of co ordinates chosen, iHii<allel 
to three crystal edges not lying ip the same plane or parallel io one another. 
Taken two by two, these axes lie in three anal planes^ dividing space into 
eight octants. Whenever possible, axes of symmetry are for simplicity 
chosen as co-ordinate axes, since they are always parallel to possible crystal 
edges; preferably, the axes of more than twofold symmetry are selected. 

A face that lies in kbe octant XOYZ (fig.* 8), and cuts each of the axes, is 
chosen as the fwndwmntal face or parametral plane, and thfl ratios of ets 
intercepts on the are taken as the ratios of • 

the units of length, in tei^ns of which measure- I ^ 

raents along the three axes are expressed. j , • 

Hence, in general, measurements arc made in i 

three different scales, one for each axis. Tht j y^X' 

axes are conventionally drawn, as shown in fig. 8, 
and the intercepts or parametert a, 6, and c of 
the fundamental face are always referred to in a 
standard order: firstly, a on the front to back 
axis; secondly, h on the left to right axis; and 
thirdly, c on the vertical axis. The ratios of 
the parameters or axial raiioe a: 6 : c, together 
with the angles JOZ = a, ZOX = ^, XOY = y, 
constitute the crystallographic constants of a 
crystal. The value of h is generally put equal 
to unity. • 

From what has been already stated (p. 49), it is s^n that the interoepti 
Xy y, and z of any other face of a crystal are reltted to ^.he axial ratioi 
a : i : e as follows:— • 



\z! 

Kn;. 8.—l.irjfaiallo^'raphio axei. 
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h ' k ' I 


where h, k, and I ar8 in the ratios of simple iqtegeft^. 'riic face is therefore 
given symbol {hkl), and h, k, I (expressed in their lowesf terms) are called 
the indices of the face.^ It will be noticed that they arc inversely propor¬ 
tional to the intercepts of the face. As an example, tho symbol (112) moans, 
that the crystal face cuts offmtercepts on the axes iXiatengths of which 
are in the ratios of -J : ^ i.e. 2:2:1, tho scales eff m^visurement 
along the axes being in the ratios of rt : : c; hence the lengths 

of the intercepjjs are in the ratios of Whenever zero occurs as 

an ittflex, it means that the corresponding intercept is infinitely great, i.e. that 
the plkne is parallel to the ajus. 

To indicate that intey;epfk are measured along OX', OY', OZ»(fig. 8) the 
corr^ponding indices are written with miims signs above them. ^Wheu the 
syttibol of a face is enclosed in brackets, *e.g. {hkl), it stands for all ike 
faxM bethnging to the form of which {hkl) is one face. Usually the symbols 
for the various faces of a form only d^fer jn the order of taking the satBe 
indices and in •the signs attached to them, e.g., the eight fafies of tihfl 

^ - ———--^- ^ —•. 

« ! index system of notation, now almost universally employed, is duo fro Hiller 
(Uiller, Treatise on Crystallography (Cambridge University Press, 1839)). 
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octaKiDdron (p. 67) are ( 111 ), (iTl), (Ill), (ni),<(lll), (111), fill*), and 

'(TIT). , t , , 

Crystal forms are named as folBiwsf ■pyramids {IM}, each face of which, 
cuts’all three axes; prisma {AiO}, each face of which cuts the lateral axes 
and is parallel W the vertical axis; domes {AO/} or {Okl], each face of which 
cuts the vertical and one lateral axis, but is parallel to the other; and 
pinaeoida {AOO}, {OK)), or {00/}, in which e&ch face outs one axis and is 
parallel to the other two. The symbol for the fundamental (pyramid) face 
is obviously ( 111 ). 

Crystallographic Classes.—It has been already mentioned (p. 49) 
that, according to the elements of symmetry they possess, crystals may be 
classified into 32 tlasses. These classes are as followsd—< 

THICLINIO SYSTEM. 

1. Asymmetric. — No elements of symmetry. The faces are simply 
arranged in accordance with the law of indices; e.g. calcium thiosulphate, 
CaS 208 . 6 H 5 | 0 . 

2. Holohedrtd. — A centre of symmetry only ’; e.g. coppetr su/phatc, 
CuSO,.5HjO. 

MONOCUNIO SYSTEM. 

3. Bomal. —A plane of symmetry only; e.g. potassium tetrathionate, 

^2®4^6* * ’■ 

4. Sphenoidid. —One iligonal axis of symmetry only; e.g. tartaric acid. 

6 . Holohedral. —One digonal ■'\xia, perpendicular to a plane of symmetry; 
e.g, potassium magnesium sulphate, KjSO^.MgSOj.fiHjO. 

‘ ORTHOnrfoMBIO SYSTEM. 

6 . 'Siajihenoida^, —> Three mutually perpendicular digonaf axes of 
symmetry; e.g. magnesium sulphate, MgSOj.THjO. , 

7. Pyramidal. — One digonal axis and 2 mu{ually perpendicular 
planes of symmetry parallel .to it; e.g. magnd^ium ammonium phosphate 

Mg(NH,)PO,. 6 H;o. ‘ 

8 . ' Ilohhedrai. —Throe mutually perpendicular digonal axes, and 3 planes 
t of symmetry, etjch of which contains two of tjie digonal axes; e.g. potassium 

sulphate, K^SO^. 

TETIIAOONAT, SYSTEM. 

9. Pyramidal. —One foul’fold axis of symmetry; e.g. Idad molybdate, 
PbMoO^. 

10 . Pisphenoidals—One foiwfold axis und a plane of compound symmetry 
peEpendiculhr to it (i.e. a centre of symmetry) ;i‘e.g. fiCaO. AljOj.SiOj. 

11. Trapezohedral. —One fourfold axis and 4 t\^ofold axes perpendicular 

to the first-named and separated by 45” from one another; e.g. stjryohnine 
sulphate. ^ t 

12. Bipyramidal. —One fourfold, axis find a plane of symmetry perpen¬ 
dicular to'it; e.g. calcium tungstate, CaWO^. ” 

• * I.e'. symmetry ttiat results from reflection in a plane (plane of componnd symmetrs) 
and subsequent rotation through ISO*. 
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1 ?. Qiutragomd btfu/mmidal.—One fourfold axis in which intonjeot 4 .. 
planes of symmetry, separated from «no another by 45°; r.y. iodosuooinimide.^' 

14. Scatenohedral. —One fourfoldvaxusand a^plane of compound symmetry 
perpendicular to it; 2 mutually rectangular twofold axes in the latter plane 
ind 2 symmetry planes intersecting in the fourfold axis and bisecting the 
uigles between the twofold axes ;■ e.g. potassium dihydrogen phosphate,. 

15. HolohedraX. —The 5 axes of (11), the 4 symmetry planes of (13), and 
ihe 1 plane of (12); e.g. zircon, ZrSiO^. 

TRIGONAL SYSTEM. 

• ^ 

16. Pyramidal. — Otie threefold axis only; e.g, sodium periodate, 

Nal0,.3H,0. . 

17. Rhombohedral.—One threefold axis and a “centre of symmetrv":' 

e.g. dioptase, CuHjSiO^. • 

18. Trapezokedrad.—One threefold axis and 3 twofold axes perpendicular 
to it and separated from one another by 60°; e.g. quartz, SiOj. 

11^ Pipyramidal .—One threefold axis and a piano of symmetry perpen¬ 
dicular to it; no example known. 

'20. Ditregmud pyramidal.—One threefold atis in which intersect 3 
symmetry planes separated from one another by 60°; e.g. tourmaline. 

21. Ditrigonal scalemhedral.—Aa in 20, but, in addition, 3 ttvofol^ axes in 
a plane perpendicular to the threefold axo.s, these axes bisecting the angles 
between the symmetry planes; e.g. calcite, CaCOj. 

22. Ifolohedral. —As in 21, but, in addition, a plane of symmetry perpen¬ 
dicular to the threefold axis ; e.g. henitoit#, HaTi.Si.O 


IlEXAGONAia SYSTEM. 

23. Pyramidal. —One sixfold axis *only; e.(^. strontium i anjimonyl 
tartrate. 

24. Trapezohedrdt .—One sixfold axis and 6 twofold axes in a plane at 

right angles to the* first, the latter axes beii^ se|parated from on,R another 
by 30 ;• e^. the double salt formed by barium a'ntimtmy) tartratS and 
potassium nitrate. • 

25. Pipyramidal .—One sixfold axis and a plane of symmetry perpen¬ 
dicular to it; e.g. apatite, Ca 5 F(l'OJ,,. * 

26. Dihexagoned pyramidal. — One sixfold axis in wirich gitersect 6 
symmetry planes separated from one another by 30"; e.g. cadmium 
sulphide, tklS, 

Uolohedral .—One sixfold a’cis; 6 symmetry pluiies as in (26); 1' 
symmetry plane as in {^5); ^nd 6 twofold axes as in ^24), the latter being 
iho intersections bf the six Symmetry plants with the seventik symmetry 
plane (t.e. the ono perpendicular to the sixfold axis); e.y. beryl, * 

CUM^ SYSTEM. 

28. Tetraheiral pentagonal dq^lecaftedrdf .—Three mutually Bcctangulap- 
twofold axes parallel to the edges of, and 4 threefold ^es parallel to the 
diagonals of a cube; e.g. barium nitrate, Ba(N 03 ^jj. 

29. Pentagonal'icofitetrahedral. — Three mutually rectangular fourfold' 
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atea,"parallel to the edg^ of, and 4 threefold axes parallel to the'diaifeonals 
of, a cube. Also 6 twofold'jues pej'pe'hdicular to the faces of the rhombid 
dodecahedron (see p. 57); e.g. cuprfte, ^UgO. 

go. DyaUs-dodecahedral,—Kx<i^ as in (28); and 3 planes of symmetry, 
each perpendi(w)ar to a twofold axis; e.g, iron pyrites, FeSg. 

31. Hexakis-tetYdhedTal ,—Axes as iA (28), and 6 planes of symmetry 
which may be regarded as bisecting the angles'oetween the planes mentioned 
in (3Q); e.g. tetrahedrite, CugSbSj. 

32. Hdohedral .—Axes as in (29), 3 symmetry planes as in (30), and 
6 more as in (31); e.g. fluorspar, CaF^. 

• In addition to those given in the preceding tabxilar outlme, numerous 
other class-names ^re in use, the meanings of which v/dl'be apparent from 
the following definitions:— ' 

^ A di-ri-gonal axis is one that is the intersection of n planes of symmetry, 

Holoaxial symmetry is prpent when an n-gonal axis is associated with 
digonal axes perpendicular to it but with no planes of symmetry. 

Equatorial symmetry is produced when an n-gonal axis is perpendicular 
to a plane of symmetry (equatorial plane). 

Polar symm^ry is produced when an n-gonal axis is perpendfculai* to no 
plane and no axis of even symmetry.^ 

AltennatiTig symmetry* is that which arises by reflection across an equa¬ 
torial “ plane of compound symmetry" (p. 62), followed by rotation about 
the axis^perpendicular to that plane. 

Crystallographic Systems and Axes.—Tho pre:;oding 32 dame 
are for convenience grouped into 7 systems, as indicated above, according 
to the nature of the crystallographic axes to which they are referred and 
the pajrameters di the fundamental pyramidal faces. It has been stated 
(p. 61) that the crystallographic axes must be chosen parallel to crystal 
edges, and that Ahey are usually chosen parallel to axes of symmetry. The 
manner in which this b' done will ijow be'explained. 

1. TricUnic eyetem.-. There being no axes of symmetry, the crystallo- 
^aphi® axes are chosen parallel to three crystal edges. , From the symmetry 
of the system, no axial angle can equal 90*, and no ti;^o intercepts of any 
face oan*b 8 eqpal. liqnde a tridinic crystal is ^aid to be referred to three 
oblique and u/neqval axee^ and in describing such a crystal the angles a, 
and y must be stated and also values of a and c of the axial ratios a : 1 : c. 
One axis is arbitrarily chosen as vertical axis., It usually corresponds to a 
direction in which the crystal is well developed. Of the other two axes, the 
longer or »lacro^axis is placed from left to right, and the shorter or brachy- 
axis from front to back. 

2. Monodinic system. —In+ the holohedral class (class 6 )' the axis of 

symmetry is taken as the left to right crystallogiuphic axis or ortho-kl.\e: 
for the vertical axis atd front tq back or cUno-a\\% two directions in the plan' 
of ^mmetrp are selected that are parallel to crystal edges. A simila: 
arrangement of axes is clearly possible for class 3 ^p. 52), since the plani 
of Symmetry is perpendicular lo a possible crystal edge, and also fo: 
slass 4 (p. 62), since the digonal axi^ is perpendicular to a possibh 
arystal face. ' ,, • 


*^^Tbe aTraCgement''of faces .•'.round one end of a polar axis is independent of tin 
iitangoment about the other end, and a crystal with a polaj axis is said to be hemim(yrphow> 
luoh crystals exhibit the phenomenon of pyroelectricity; e.g. tourmaline. 
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Aymm 6 lry of each class in this system it follow® tRat no 
face can have two equAl intercepts^ on the axes. Hence, in dcscril!^|^''$^ 
monoclinio crystal the values oi a and,^in th« axial ratios a; 1 : c mui)| 
stated and also the magnftude of tfle angle Obviously both a and y 
equal to 90*. Monoclinic cryitah are therefore said to be referred to^wrttjf" 
unequal axes, two of which are perpendicular to the third hut at nyht ' 
to each other. ^ ' . 

3. Oftkorhombic system. —In the holohedral class (class 8 ) the throO 
digonal axes are chosen as crystallographic axes. The same choice is 
made in class 6 (p. 52). In class 7 the ^igonal axis forms one orystallCt:' 
graphic axis, and the intersections of the symmetry planes with a plao^:' 
perpendicular to the digonal axis form the other two, since tfley are parallel' 
to possible crystal'edggs (p. 49). Thus in each cas^ the three axes of- 
reference are mutually perpendicular; but in no case is it possible for any 
crystal face to have two equal intercepts. Hence in specifying an orihorhe^bte 
crystal it is necessary to state the values of a fyid i in the axial ratios a : 1 ley 
and such a crystal is said to be referred to three mutmdly perpendiiMlar b^t 
unequal axes. The vertical, and ^racAy-axes are chosen as described 

for monocjjinic crystals. 

4T Tetragonal system .— Each class in this system is clftiractcriBed by ft 
fourfold axij of symmetry, which is chosen for the vertical crystallographic 
axis. The other two axes of reference are ch*osen perpendicular to the 
vertical axis and to one another.’ ■, / 

In classes 11, 14, and 16 (pp. 52 and 53) those lateral axes are chosen 
parallel to diachtAes of symmetry. In each class of tliis system a crystal face- 
cutting off equal intercepts on the lateral axes is possil)le, hut a lateral 
intercept can never equal a vertical intercept. Hence, the axial ratios tt: 1 : c\ 
become 1 : 1 : c, and it is only necessary to state the®vahie of c when 
describing a tetragonal crystal. A tetragonal cry^il is Hicrefore referr^ 
to three mutually perpendicular axes, mco oj which ai^ equml to one anothSer 
hut not ^0 the third. • • ; - 

6 . Trigonal Each class in this 8 ysten*i 8 cjjaracterfted .by a tn- 

gonal axis of symmetry. The best method of choosing ftlu; crystallfgraphiQ 
axes (Miller’s method) is one in which axes of symmetry are not employed,' 
blit, inf^e^d, three axes are chosen, symmetrically arranged al^out tiro tfigonw' 
axis, parallel to three possible crystal edges and not lying in one plane. Jt 
is possible, however, to choose the axes of reference as in the castf of the, 
hexagonal system, and sinoe this method (the llravai 8 |^liller system) 4 ^ 
perhaps the simpler to follow, the former will not be discussed here. ^ 

6 . Hexagonal Each of the five classes included inethis system 

is characterised by an.axi 8 of sixfold symmetry, which is chosen as the vertical* 
c^«tallograp\fic axis. Instead, however, of Choosing two more axes of 
ference, three more a]^ selected, arranged symmetrically about the vertWw- 
axis in a plane ^rpcndiciflar to*it. Thoia positive directions are regftrdft^ 
as being separated by* 120 '’, as shown in fig. 9.^ Ihe syinlW)! of 
therefore, contains few indices, which c^not, however, be aH indepeiidCDv 
• 


' These reprSsent directions parallel tn possibl^crystal edges (see p. 49). 

® A little consideration of the propositions on p. 49 and tinMiiiture of a hexagonil 
will suffice to show that such axes may be selected in c^pforniity With flio#eqmreme]|ttna^ 
iii«y shdl be parallel to possibl| crystal edges. 
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of 9 ne auotter. In fact, an; lateral index cati^be calculated frdtn the othet 
two lateral indices, siucft the sum of the lateral indices is zero. "^Tlfe tour 
indices are always cited in th '9 order f, f, z, w of 6 g, 9. 

’ The simplest pyramidal face in*'an/class belonging to this system inter- 
cepto a on the x axis, is parallel to the y axis, intercepts d on the z axis 
and c on the w(»xis. Hence .its symbol is (lOTl). Each of the other faces 
of this form likewise cuts oil' intercepts numerically equal to a on the lateral 
axes and c on the vortical axis, c never being eq*ual to a. Hexayonal crystals 
are therefore said to be referred to three equal lateral axes inclined to one 
another at 120 “, and a vertical ax^, perpendicidar but not equal to the lateral 
axes. The ratio eja is called the axial ratio, and must'be given when describ¬ 
ing a hcxagoiAl crystal. 

7. Cubic system .—Each of the five classes belpngil% 'to this system is 
charaeterisod by four trigonal axes of symmetry parallel to the diagonals 
of 'a cube, the three mutually rectangular edges of which are taken as the 
, directions of the crystallographic axes. In 
classes 28, 30, 31 (pp. 53-54) the crystallo- 
I graphic axes are axes of twofold sym¬ 

metry ; in classes 29 and 32 they are axes 
of fourfold symmetry. In each claSs, the 
plane which cute off equal intercepts on 
all three axes of reference is a possible 
crystal face. Hence atbic crystals are said 
to be referred to three equal and mutually 
rectangular axes. The axial ratios a : 1 : c, 
then, are always equal to 1 ; 1 : 1 , and so 
need not be mentioned.* 

Hemihedrism. Enantiomorphous 
Forms. —In order to describe a crystal 
cotrpletely it is necessary to slate not 
qnly its class, the system to which it 
3 .and' the axial ratios when necessary, but also to state the various 
forms <(p. 60) present. An account should therefore bo given of the 
forms belonging to each crystal class; it is, however,, beyond the scope 
of this M>ok. .It will be^notioed that in each sjisteui the class er^hibiting 
the highest grade df symmetry has been called the holohedral class. In the 
following seven sections the holohedral forms will be described, and in 
^dition a few forms belonging to classes of lower symmetry will be included. 
A few general remarks upon the classes of lower symmetry may, however, 
be made at <this point. 

, In the first place, certain forms belonging to classes of lower symmetry 
are geometrically indi8tinguieiiable'’from the holohedral forms, although 


y -- 


f 






Fio. 9.—Hexagonal eiyrf6''no- 
grapliir axes.^ 


r* , ... 

* It will be noticed that with substances that crystallise^n tha systems of lower symmotrj 
ceh© choice of crystallograpliic axes is to a certain extent arbitrary. The “setting” of e 
crystal is said‘lo have been effected inudifferont ways when fwO observers have chosej 
dilTereiit sets of axes in describing it. It has, however, been pointed out by Fedorew that 
from the points of view of crystal structure and (themical crystallography, there can onlj 
ba on® correct setting for any crystal—nan^cly, that in wliich the pai-ametral ratios aw 
measures of the dimensions of the “hjiaccdatticQ” framework upon Wnioh it is built. 
Further, Fedorow has showji how the correct setting may be deduced (Fedorow, Ztitac^, 
Kfyit, Min., 19 ^ 4 ,^ 38 , 921 ; 1909^46, 246 ; 1911, 400; Sokolow ana Artemiew» 

1911, 48 , 877 j Barker, Ann. Report Chem. Soe., 1913,10, ?38). 
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brfsUlJ^gr^bicaily they musfc be regarded as diiTerent.^ Otners may be 
oonteniently regarded as derived frou^ liolohedra? forms by the aymme&Cil 
disappearance of onc-lmlf of the* facts, ’Ad, in* accordance with this old- 
ftshioned method of deriving tliern, are called hemikednil forms. A holohedVal 
form gives rise in this way to two homihedral forms, termed positive an4. 
negative respectively; and they must bo regarded as two distinct forms, 
Mthough when their motliod of •derivation is lost sight of the two forms may, 
be geometrically indistinguishable.2 In cerhiin cases, however, the + and - 
forms are not geometrically identical, but are enantiomorphous, i.e. one is 
the mirror-image of thei other. Such forms ^ire known as enautiomorphems 
forinSy and the crystals wbicli exhibit them are often optically aettvo.* • 
In addition to I^pn^licdral forms, there are also tetartofledral and ogdo- 
hedral forms, derived by th^ suppression of three-fourths and seven-oigtos 
of the faces of holohcdral forms respectively. * 

Cubic System {Regular^ Isometric or Tesseral).—Holokedral class (32 on 
p. 64). There are 7 simple forms, all closed (figs. 10 to 17 respectively); 
forms i., ii., and iii. arc fixed forms, iv. to vii. are variable forms:— 

(i.) The octahedron^ composed of 8 pyramid faces; e.g. spinel, 

MgO.AljjDj, as^enious oxide, As^O,-,. • 

(ii.) The{001}, composed of 6 pinacoid faces; e.g. sodium chloride, 
NaCl, fluorspar.* CaFj. • 

(iii.) The rhombic dodecahedron, {110}, composed of 12 prism faces; e.g. 
garnet, K”- 3 .R“^' 2 (SiO^) 3 . 

(iv.) The telrakis-hexahedron, {/t/rO}, or four-faced cube, with 24 prism 
faces; e.g. copper {2*10}, and fluoi*spar as {310} in combination with (001). 

(v.) The triakls-octahedron, [hhk], where h is greater than k\ 24 pyramid 
faces. 

(vi.) The Icositetraltedron or ituptizohedron, [hkk\, where h is greater than 
k\ 24 pyramid faces; e.g. leucite, KAlSi_,fi;, as {211),gawet as {211} 
alone or in combination with {110} as shown iu fig. 16. • 

(vii.) TUe hexakis-od'ihcdrov, [hkl], witif 4H pyr.'vnid faces. tTTsually 
noticed in combination with other forms; e.g. garnet oftenVxlnbits {361} 
and fluorspar {421}. 



* E.g. the cube is one form in each of tlio classes heloiiging to the culnc system ; hut, 
crystallograpliically, 5 cubes, dill'enng in symmetry, nuist bo recognised. Thus a cube of 
pyrites is of a lower degree of syinmekry than ti cnlw <>f rock salt. SuSi differenceB of • 
syramotry may at times do readily detected by examming the action of sol^mits ujjon^e 
crystal faces. Etched /ywmarepioduccd in this manner as deliintely shaj)Oil defliessidns, 
their configuration being in accordance with the class symmeti y of the crystal Crystals of 
natarally occuning piincmls .sumotimes exhilnt on ^.lieir fai-os similar natural markingp, 
which indicate that the intiMiial symmetry is not as higli os the outward geometrical 
symmeUly would at first siglit simgest; e.g. pyi ites. 

® E.g, the + and - tetralieuia (j». .^9). *They may distinguinhed when combined 
with other forms. \Vheii*combined t<^ot]ier, they arc geometrically iiidistinguisliable from^ 
an octahedron. Such a crystal, toiwever, usually has one set of tetmhedral faces developed 
more than the otlicr, and the that the two aoU of faces differ in phy.sical prdliortiei is 
ofien suggested by their apiiearance; e.g. zinc blende. 

* It is cotnmonly supposed that this opti^l activity, wiien limited to^tlio cryetallino 
state (e.g. quartz), arises from an enaiiliomoriUious spiral grouping of the raolc-culw in the; * 
crystal edifice; but tl\#it in the ease of a substance ^hiclPis optically active in the liquid or 
gaseous state (or in solution) the eiiHiitiomor|?liism is that of the atones within the chemical 
molecule. 
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'* Chit 31 (p. 54) or the telrahalnte cIsm.— Tbe lormo belon^-ing te this' 
class may .be derived b/,hemihedrftm {rom the holohedral forms. The 



Fio. 10.—Octahedron. 



Fi( 5. 11.—Cubo. Fio. 12.—Rhombic dodecahedron 



Fio. 16.—Garnet. 


« f I 

Fifi. 17.—HoxakiB-octahedron. 


geometrically new forms are ^tigs. 18 to 22 respectively); s(i.) the tetrahedron 
till); (ii.) the ‘ (mHs-(etraAed)o«, {4ii}; (iii) the deffotd-dpdeeoWrpfl 
{/iAt} ; and (iv.) the helaUe-tetrahedron, {hkl], derived from the octah<4joB 
icositetrahedron, triakis octahedron, and hexrfkis octahedron respeotiirelj, ,* s' 
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• V • > 

Ther« afc two of eack of the preceding forms, termed positave“and 
egative respectiveljf, and they may oc^ur singly ^ in combination; in t^lij' 
i^ter case the combination is geometftoallj^ indistinguishable from a holo* 



Fio. 18.—Positive Fm. 19.—Negative * Fio. 20. —Trlakia- 

tetrahedron. tetrahedron. telrahedron. 



Flo, 24.—Diploid. Fio. 26. —Pyritobedron. 


hedral form. Fig*. 18 and 19 represent tRe t^'o tetrahedra and show theii 
geometrical relationship to the octahedron. * » , 

^ino blende, ZnS, and tetrahedrite, 4Cu2S.Sb2\ are ezamplel of (K); 
tefnibedrite also occurs in the* simple forms (ii.) and (iii.), ^hile diamond 
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sSimetiraes occurs in the form (ivi). A Combination of three* fowns, posii 
tivo and negative tetrjfhedra and* cube, is often found with boracite/ 
A combinarton (i.) and (ii.), occurring with tet^a- 
lv)drite, is shown in fig. 23. 

CUm 3Q ^p, 54) or the pyrites class .—Tho forms of this class may also 
be derived from those of class 32 by hemihedrism, but by a method diifereiji^ 
from the preceding. The geometrically new forms are (i.) the dyahisdodem- 



Fio. 26 —Hcxagoiiiil bi¬ 
pyramid, first ord«r. 



Fio. 27 —Ilexaganul bi¬ 
pyramid, second order. 



Fi(^ 28.—Dihexagonal 
bipyramid. 



Fin. 29.—Hexagonal 
prism, ^rst omer. 


Fig. 30.—Hexagonal 
prism, second onier. 


I 



Fio. 31.—Hihoxagonal 
prism. 


hedronov diploid^ [hkl]^ d^srived from the hexakisoctahedron, and shown in* 
fig. 24 ; and (ii.) the pentcujonal dodecahedron or ^yritohedron {MO}, derived 
from the tetrahexa*iiedron and shown iif fig. 2f». These forms often occur on 
pyrites, FcS 2 , and .cobaltite, OoAsS. * • * * 

Hexagonal System. Jlolohedral class (.27, on p. 63).-—The form 
{AOAf} constitutes the hexagonal hipyrami^ of the first ordes', tvhictf h^ 
,12 faces (fig. 28). The hexagonal bipy^amid of the second orders {AA2A/}, also 
has 12 */aces, but is situated Miffdrently from the preceding with respect to 
the lateral ^.axes, (fig. 27). The most general form, jAt'K}, is called the 
dihexagcAiil bipyi'amid^ itod has 24 faces (fig. 28). 

The open ffiptswi forms corresponding with the preceding pyramids are: 
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.{lOlO), fllS)}, and {A/iOfrespectivelj, with 6, 6, and 12 faces. They ahe 
shown in figs. 29, 30, and 31, termipated by basal ^anes {0001}. 

. Example : beryl, Be3Al2{Si03)g. Fij* 32^Iiou'8 a combination of (lOTO), 
{lOTl}, and {0001}, frequently observed with beryl crystals. • 

Trig^Onal System (rkombohedj’al). —As has been provioiifjy mentioned, 
system will be referred to hexagonal axes of reference, the vertical axis 
being always one of threefold syiftmetry. 

Holohedral class (22 on p. 53).—The various forms are as follows (in 
addition to the hexagonal prism of the second order and the hexagonal 
bipyramid of tho 8econ#or<lcr): (i.) the positive and negative ditrigonal 
hipyramidSf [hiJ^] and \Jiikl] respectively, each having 12 faces; (ii.) the* 
positive and negative* t^gonul hipyramids, {A0/;f} and {A0/;f) respectively, 
each with 6 faces, (iii.) i\\o positive and negative dtVnV/ojiu/{^iiO}, 
and {AtK)}, each with 6 faces; (iv.) tho positive and negative trigonal prisms^ 



Fio. S2.~Boryl. 



fit. 34.t-Ncgaiive 
^lioiiibohftdruii. 


{lOTO} and {TOlO} respecuveiy, eacn with 3*faces;'and*(v.) the ha^l 
pinacoids {0001}. It is very easy to deduce the nature of each of these 
forms. 

This crystal class is not of mifch importance. 

Glass 21 (p. 53) or the calcite class.—Tho geometrically new.forn^ of this 
important class arc as follows: (i.) tho positive and negative rhoi^li^drdy 
,{A0Af} and {OhM] respectively, derived by bemifydrism from tho hexagonal 
bipyraxAid and shown in figs. 33 and 34; and (ii.) the positive and negative 
scalenohedra, {AiA/} .and res^ctively, similarly derived from the 

dtlfexagonal bipyraraid. The p^itive form of the scalcuohedron istfhown 

fig- 35. , ... 

Ckimbinations of rhorabohedra frequently bccur. When one is positive 
and the other negative, the appearance of a bipyramid is presented. Two 
positive rhombohedra, differing in axial rat^o, are often combine on tjifi same* 
crystal; e,g. caldlte, CaCOg. This .mineral is also frequently found aa 
rhombohedra, and as scalenohedra {2131). 

, Class 18 (p. 53) or the quartz c/aw.—This clasS eiluuus lurum geoinetri- 
caUy different from the preceding in the trigonal irapeiohedra^ of which th^e 
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^ four: {a) nght positive, (hiti), (b) positive, {KW}, (e) righUnegative,^ 
{A»W}, and (d) left negatidkf {khiy 'fho pair (a) and (6) are enantiomorphouS ; 
and so are the pair (c) and (d). ^n Ihe other hand, the pair (a) and (c) are 
related to one another, like the two tetrahedra (p. 59) or rhomhohedra (p. 61), 
being indisiripguishable when moved out of position; and the pair (i) and (d) 
are similarly related. Form (a) is shown in fig. 36; it has sii faces. ^ 

The preceding forms are only known ifi combination with other forms; 
e.g quartz, SiOj, which occasionally exhibits the trapezohedral faces; and 
cinnabar, HgS. 

Class 20 (p. 53) or Unirmaline class .— All crysta'is belonging to this class 
■possess a polar axis, i.e. they are hemimorphous (p. 54), and exhibit pyro- 
electrical properties. The most important crystallirfe substance of this class 
is tourmaline, a complex borosilicate described iii Volume IV. of this, series. 

' Tetragonal System {quadratic). Holohedral class (15 on p. 63).—The 
three closed forms are the tetragonal bipyramids of the first and second orders ,: 



{hhl\ and {/iOf} respectively, each with 8 faces) and the diletragonal 
bipyrlmid [hkl], with 16 faces. The last-n:\med is'shown in fig. 37. The 
eotrespondinqprisms {110}, {100}, and {AiO} are open forms sl.i, 4, and 8 
faces respectively. The remaining open form is a pair of pinacoid faces 
(known as basal planes) {001}. 

The crystaid of zircon, ZrSiO,, and idocrabe, a hydrated calcium aluminium 
silicate, showp in figs. 38 and 39 respectively, show combinations of the above 
forms. The forms are indicated by the symbols on typical faces. 

It may be mentioned that in the classes 14 and 10 (pp. 62-63) of this 
system forms occur which' may be derived from the tetragonal bipjramid 
by hemihedrism, and which may be likened to tetrwhedra either drawn oat or 
compressed along "the vertilal axis. They (are called joosifjw and negatfve 
tetragonal sphenoids, {hhl) and {hhl) respectively, and maybe observed on 
crystals of copper pyrites, CuFoSj, and urea, (NHj) 2 CO. 

Orthorhombic System (rhombic). Holohedral class (8 on p.62).-^Tbe 
only closed folms are bipyramids (fig. < 10 ), with 8 faces; the simplest or unit 
pyramid {111} contains the fiDidahiental face, and other pyramids (hU) are 
called proio-, braehy-,, and macro-pyramids, according to the axis in the direction 
of which ‘chey are elongated. The prisms {AAO} are open, vertical four-faced 
forms, the simplest being {110}; open, four-faoM prism forms parallel to t&e 
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lateral ajea Bre either Tyracl^domes {0i<} or macrodomet {AO/J, the simpkit 
being {Oil) and {101} respectively. 'Rie romaini«g forms consist of pairs 
of faces parallel to two axes; there are bhrecPpairs'the batalpinacoid, {001}, 
the brmhypinacmd, {010}, and the man-opinacoid, {100}. 



• I 


Fiu. 37.—Ditetra- Flo. 88.—Ziicon. Flo. 39.—Idocrase* 

gonal bijiyramul. • • * 

The crvKtal of olivine, Mg^SiO^, shown in fig. 41, exhibits the following 
forma: prism (/>), ,^yramid (o), macrodome (n), brachydonio (q)y macro* 
pinacoid {m),'bracnypinacoid (/>), and basal pinacoid (c). 

Clais 6 (p. 52) is of interest as being the class to wliich rhombic sulphur 
belongs. Khombic sulphur usually exhibit# a pair of poiitime and negative 



Fig. 40.—Oithorhombic tio. 41.—Olivine, 

biiiyraniid^ 


rhombic sphenoids, (kkl) and [hkl] respectively. These sphenoids resemblh 
distorted tetrahedra, and are enantiomorphouf. 

Class*! (p. 52).—The crystals have a polar axis (p. 54); e.g. hemi* 
Aiorphite, Zn 2 (OH)o(SiOJ. ^ • 

Monoclinic •System {oUiqne,^ or mon^symmetrie). Holohet&cd doss 

(6 on p. 52).—All the forms are open. The positive ‘and n^ative hetni- 
p^amids (A/:/) consist of 4 faces each. The prises, (AAO), and Binodomes, 
■{uif} Gousist of 4 faces, but “the positive and negative orthodomeSy {AOA), 
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cohsist each of 2 parallel planes. The basal-, orihot, and elinopinMoifk, {001}, 
{100}, and {010} respectively, confist ^ch of a pair of parallel faces, A 
positive hemipyramid is shown iif tig.'42. 

• Examples: gypsum, CaS04.2H20; ferrous sulphate, FeSO^.THjO; ortho- 
claee, KAlSijfJj. The crystal of orthoclaso shown in fig. 43 is a combination 
of prism (p), basal pinacoid (4), positive orthodome (rf), and clinopinacoid {(^ 
Class 4 (p. 62) is of interest since it" gives rise to enantiomorphous, 
sphpnoidal forms. 

Triclinic System (amrthic or asymmetric). Holohedral class (2 on p. 
62).—Each form consists of a' pair of parallel facefc. There are four kinds 
'of quarter-pyramid ■, {hil), [likl], [hkl] and [hU]; two kinds of hemi-prism-. 
{/iiO} and {4^}; two kinds of hcmimacrodovie : \hbk] and [h0k\ •, two 
kinds of Iiemihrachydome, (OM) and {Ohh) the macroi>inacoidi {100} j the 
))rachypinacoidi { 010 }; Sind the basal pinacoid^ { 001 }. 



EJltmples: copper sulphate, CnS0^.5H20; p^tas.siui^'i dichroniatc, K.^Cr.Py. 
Tift latter fe shown’ in fig. 44 (inacro])inacoid (w), brachypinatjold (/>), basal 
pinacoid (c), hemibrachydoine (A), and liemiprism {p}). 

In Glass 1 fp, 52) each face constitutes a^sopanite form. 


AnLOTJlOPY AND POLYMORPHISM. 

Introductory. —If, ujAm exaiuination, two subsUnccr* prove t^ have' 
exactly the same properties, physical and cheii^cal, it is unhesitafmgly 
assumed that they rlso have fhe same ohcmii^l composition. The converse 
not true, however, for substances may bo* chemically identical although 
their physical properties are wjdoly different. and oxygen are cases 

Jn point. It is with solid substances, however, tliat numerous in^tanctfs of 
this phenomenon are to be found, bo^h among elements and compounds. 
Attentios* was nrst drawn to tljis by Mitscherlich,^ who showed that di-sodium 
hydrogen phosphate, Na^HPO^.HgO, can exist in two distinct crystafline 


* Mitscherlich, Ann. Chim. J'hys.*lS21, 19 , 360, 
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forms. - L{fler, sulphur \»as 5bs<^rvetJ to exist in diirercut formff.^ Other 
examples were speedily discovered, • ' 

When an olumoiitary substance ciiii exist iu*more forms than one, it is 
said to exhibit allotropy {Ok. <tUo$ anotlior, tropos dircelicai), the diUcitnt 
varieties being termed the allotropes or allotropic nfodifications. 
Examples arc fimiishcd by suJplnir, carbon, pliosplioi iis, iron, tin, etc. 
In tho case of compounds, hofl'cvcr, tlie term polymorphism is used. A 
substance that can occur in two crystalline forms is said to lx; dimorphous, 
calcium carbonate; in three, trimofphous, eg. tiu“; in four, 
tetramorphous, e.<j. Ammonium nitrate^; and so on. 

The term ‘’polymorphism” is frequently used in conyectKTn witli hot^ 
elements and com[»>if!ids in tho crystalinie stati!, hut it lloes not include 
tho allotropy of amorphous substances, such, for example, as tliat of ozone 
or of liquid sulplmr. • 

Types of Polymorphism or Allotropy.-- When the dilVercnt poly¬ 
morphous forms of any one substance are examined, it is found that each exists 
under a definite set of eonditions of temperature and pressure. Tlic physical 
properties of'metals, for example, are suseeptihlo to alteration according to 
the treaimeift to wliich tliey liavo been subjeefed. Thus HeiHiy^ found that 
a metal can exist in two phases—namely, (1) lla^ hardtuicd or amorphous, 
(2) the annealed or erystullme. Tlie former is conveitihlo into the latter hy 
heat, and tho reverse chant:,e may be caused by pressure producing meehanioal 
flow. Kalilhaum ^ and Kalilbaum an<l Sturm‘S found that the density of a 
specimen of motf^llie wire depends on the treatment to wliich it has been 
fiulijected, decreasing in many <-ases as tlie n'sult of compression." Snbsoiiuent 
annealing of the spisainens causes a renewed increase of density. It i.s also 
known that tiie heat of solution of a metal and its behaviour in a voltaic 
coll d(q)eiid on tlui treatment which it has jirevionsly undergone'^ • 

but whilst tliese may he regarded as •xamples of polfmor^ihisin, another 
explanation is possdde, for it is very prob^ido* that aijjj'' deformation of a 
metal is a manifestation of mrl/ing ]U'odiieed iiy unequiil strain, and*that, wiih 
the removal of the strain the liquid iiorlions do not immcS-Iiatcly retuAi to 
tho crystalline, solid {juau ^ 

fn other more definite instances of polymor 4 )hisiiT the different vurle^ies 
are found*to*have distinct and different physical pr<)p(u-ti<‘s.* Kaidi possesaes 
its own crystalline form, melting-point, rate of expansion, eonduetivity for 
heat and electricity, colour, et«. ; hut although the elieinica^ behaviour and 
reactivity are often dependent on tlu' physical state of the siihstancc, yet tho 
ultimate products of chemical change are tlie same, as for efampl%, in the 
combustion of the varioujj forms of carbon with oxygen. 

Three classe^of allotropic or polymorphic sulil?tances exist. 

It Enmitiotropic Sub$f'inccs and En'in(iotri>pp —'flu! different forms of, 


• * * Milsoherlich, Ann Chiin,tl‘hi%., 24, 204. * 

* Cohen and Goldsclnnidt, '/f.auh. /ikipikal. Chan , 1904, 50, 2‘2.'i. 

* r,.t*hniann, ZnMt. Kri^t.^Min , 1B77, I, U>H. • 

* Boilly,/Vor, lliHi. Sor., 1902, 72, 218; J. aSV’c ('hem, M , 190Jf, 22, 1106; Phil, 
Mag., 1P04, [vi.]. 8, 2:.8 ; Electro Chan. Mfinll., 1904 3, 806. 

® Kahlhrtum, t/. (’A/w. , 190), 2,937. ^ * • 

* Kuhlbaum antfSturni, Edluck. nv<mi chem., ltiO.9, 46 , 217 ; rf. S|>iiii<',,AV'*. irav. 

chitn., 1904, 23, 1. ’ .Sco also Jspniig, AVr. h'lr. 19^1), 23, 1. 

* See, for examidr, Hertliflot, Compl. rauL, 1901, 132, 2;jl. • 

• ® Johnston and Adams, J. A/ner. Chan. .S'or., 1912, 34, 563; Johnston, ibid., 1’91‘2, 
788. 

VOT., I. 
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many polymorphic siihstances can he transformed from one into tRe other at a 
definite temperature mid Pyessure knhwn .as tlio transition-point, just as ice 
can be melted at 0° and water boiled ift 100“ under atnioaplieric pressure. In 
illhstration of this tlio case of sulphur may ho cited. This element can exist 
in a variety of, different crystalline forms, of which the rhombic and mono- 
clinic forms are tlio moat important. At temperatures above 95'5° C. t^ 
latter is the stable variety, but wlien the tcifipcratnre falls below 95-5° the 
moKOclinic commenee.s to change into rhombic sulphur. 95 5° C. is therefore' 
known as the transition temperature, and at this point the two polymorphous 
forms .are mutually transformable. 

* This tyjie o^f polymorphism is termed enantiotropir;, iifasmuch as the 
polymorphous fofms arc directly interconvertible and c.fiii'iit a transition-point. 
The transition point lies holow the melting p.'iint of each form. Thus, 
foombic suljjluir melts at 112'8”, moiiocimie at 119 2°. 

Tho following is a list of yvcll-marked eases of onaiitiotropie polymorphism 
among inorganic snhstanees;—t 


Substance. 

^ Form and Traiiaition-Poiiit (*C). 

Obsi^vcr. 

Fe . 

! o-I''e-> 0 -Fc, 770° \ 

T.inimann, Zeilsch, anorg. 

S , . 

, i 8 -bo-> SyO” / 

Chcni., 1903, 37 , 4 18. 

Ktiomlnc-inoniiclinic, 05 •5° 

j 

Rficbci, Kryst. Min., 

1881, 8 , 593. 

Sn 


OiilicK and Ooldschmidt, 

NH.NOj . 

j Tc'tiagonid-> rlioiiibic, 3 70** 1 

Zcilsch. physilal. Cliem,, 
1904, 50 , 225. 

,, a rbonibic—>/3 iln/mbic, .‘32*2® 

itlnilfir and Kaufmann, ibid., 
1903, 42 , 497. 


r 0 1 lioiiiliic-> rhoiiilMubedral, 83° [ 

Scliwarz, Beifrage ::uy Kennt- 


nis (/y.r uiokdiibarcn IhH' 


: Itlitiinbf'hcdi'iil-> ii’giilar, 12.5‘ 6 " | 

u'andJ lilt gen ■pobjmorphf’n ^ 

sv;. ‘ . 

‘ 1 
' «* ItlmnTldc]K-x:i^(oiia], 114* 

korppT, GotliK/on, 18'*4. 

Ai/iinii, Bcziehunu twinehen 


* 

. ‘{njslailfoTni u. chem. Zu- 

f 


fstwimrnsrirung, bruns* 
Wick, 1S98. 

Ih'iii'lei'a, Zir’SfL. physikal, ' 


*Totr^goiinl -> rhombic, 127° 

KNO, . 


Vlunn . 32 , 494. 

Jtb'imliic -5« i')i')]iiboli(‘.iMl, 12})*5° 

van Fvk, ibid., l9(i.5,5i, 721. 

Agl . 

0 Jfoxaj(oii;d-> M'-'' 117“ o 

Slt'p'r. Hud,, 1903, 43 , .595. 

, AgXOj . 

llbontbic—> Ili(»uil)i>liedi,il, IfiD 2 °- 

Sell wai z, loc. (;f^..also H issiiik, 

j i. 

« lfi9 7° 

ZcHsch. physilcal. Chom., 
1 " 00 , 32 , 537. 

: TlNOj . 

Rliombic —> i}iciinlio!if'<]r,il, 72'8* 1 

.van Kyk, Zeitach physikal. 

i 

ItbojiibulRdral-Tfrcj^ul.iV, 112'5° J 

C7f/-/a.,j90r), 51 , 721. « 

0 


^ C 

Jiluch more is known of tln‘ relationship bolfwcey enantiotr(;ipic forms tliaai 
that hetvvocn other typos of ixih'inorpiious forms. 

II. ^f<)nl)tro/)^<‘, ,Siil-<laii(rs and —A nifmhcr of substances iCxist 

in two or more forms w’hu;h are not diic^tly inUu’eonvertiblo and do flot exhibit 
%. transition-point. Thus, two varieties, callod tlie a- and jS-forms, of iodine 
monochknido are knowm, of wflic.h a-l(’l«niolts at 27 2“ and p-lCl at 13’9°, the 
former bpinn tlit f?tal>lo variety at ordinary temjieraturo. Six varieties of' 


^ See also T.innuinin and Huttiier, Zeit-ich. anorg, (Jhtm., Iy05, 43 , 217. 
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suljJhur ar^known which ^ro not rovei'wibly transfonnahle one into anotheri 
in addition to the two well-knowy eiufiitiotropic t'orine. Tho polyiuorpUisni 
in those oases is said to be monotropic, or i?reveisll)lc. 

It is possible that in the majority of oases iiionotropy arises from tho iUct 
that tho transition-point is higher Hem tlie melting-point of* either of the, 
polymorphous forms at atinospherie pressurt;; and it is conoeivablo that by 
raising the pressure cnantiotioPy might be iriduis'd. hi that case the sama 
pair of polymorphs would exliibit mouotropy or enantiotroi>y acoording to the 
pressiiro obtaining at the time.' ^ 

111. Dynamic AllotrSpy.~ln the two preceding eases of solid polyniorphio 
forms, the varWus varieties cannot o.\ist in contael (e\eepl at transitioff- 
point), one form al«a^ being slalile, and the, other, tlm motastahle, tending 
to change into it. Quito eliffereut, however, is tlm heliaviour of tho two 
liquid forms of sulphur, known respectively as S;i and ,S„, wliioh e.sist togethSr 
ill equilibrium in definite proportions di'iieiiilmg on the temperature.* The 
phenomenon is known as dynamic allulropy. 

These two forms of liquid sulphur, of wliicli is* is yellow itrid mobile, and 
Si^ brown and viscous, aro present in molten sulphur, tlie amount of being 
small near tite melting-point, but rising steadily with the temperaturo to a 
maximum of about 34 per cent at tlio boiliiig-pomt. Tlm percentage of S,, 
when a|uilibrium has been attained is us follows;— 


t' 114-5“ 130" 140" 154" l(i7" 

Ss 3-7 4-3 5-fi 7-5 l(i-7 ' 

• * 

The freezing-point of sulphur auconlingly varies with both tho nature of tho 
solid phase that separates and the perecuita^o of in the liquid. Unless the 
liquid has been ke[)t near the freezing-point for a sufficient lAgth of time to 
enable equilibrium to be established, the percentagi! of«tho S,» contained by 
it will vary according to circumstances, l^'lns type of alliJlropjij is due to the 
existence of molecules of different complexity. ^J’lius, in^he case of sulphur, 
probab^ corresponds to the irioleeuli' and S,. to^S^.*' • , 

Determination Transition-Points.- All motln^Js pioposof> for 
the determination of^ transition-points dojx-nd on the study of some, parti¬ 
cular physical property of thirf sub.sUince, which jnulefgoes a iruy’ltcd change 
when the fratisilion-point is reached, * * 

, 1. The. Cooling Curve Method. — If water bo contimmu.sly cooled and the' 
temperature be plotted aguim^ir the time, the cooling cur^e so <jbtaih6d 
(fig. 45) will show a horizontal portion where frei'ziiig occurs, corresponding 
to the fact that the temperature remains constant during a cliafigo state. 

Since at the transition-point a eliaiige of state also occurs, from one solid 
bo another, a c(tqlirig curve of similar forift maybe expected, in which the 
horiifehtal portion will mark tlie tninHition-lomperatiire. Such a curve 


* • * Lelimaim, Molehdai'pkysdc J 8 SS), vol. i. p. 1^4 ; O.^twald, Zatsvh.2)kyitikal*. 

Ohem., 1897, 22 , 312 ; Schaurn, IHe Arlm dcr /sowim'^ (Mai bmg, 181*7). 

®^Smith, Troc. Roy. Soc.%Ei,i%., 1902, 24 , 342; Smith ami Holmes, ZeiHcdt. pkysikai, 
19^)3, 42 , m ; Smith, Rroc Roy Soc. R.lin., 1905, 25 , 588 and 690 ; Smith, 
dolmes, and Hall, Zeilsch. pkysikal. Olicnir' 190,5, 52 , 002; J. Aner. Chem. Soc., 1906, 
!7, 797 ; Smith and Holmes, Zeitseh. physikal Cliem., 1906, 54 . 257; HoSmaim and ' 
iothe, iitid., 1906,^5, 113; Smith and iJarMii* /Voc. Roy. Soc Kdin., 1906, 26 , 352j- 
)arson, J. Amer. Chem. Soc., 1907, 29 , 499; Smith ami Carson, Z$it^'h. pl^sikal. Chent.. 
.907, 61 , 200 ; Kmyt, ibid., 1908, 64 , .513 ; Smith and ihai., 1911 77,*56l. 

• * Preunerand Schupp, Zeitseh. yjiysikal. 1909, 68 , 129 ; Beckmann and Lie^lio, 

Uitich. anorg. Chem., 1913, 85 , 31. Seo Turner, Molecular Association (Longmans, 19^6). 
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is seen in fig. 4fi, which represents the results <»ohtained by (^mtn'd,' in 
determining the transition-points^of t^io Jijlotropic forms of iron. 

Tho dotted portion on tho curve in fig. 45 represents a tempomry state of 
supercooling jjrevioas to tlie separation of tho stable pliaso. This super¬ 
cooling often wciirs during tho process of finding botli freezing-points and 
transition-points. 

2. The Dilatometric Method. —h-\ tliis method the rate of expansion with 
temperature is noted. The substance is contained in a dilatoinoler (a glass 
bull) witli a long capillary ste>>i), and covered with a li(pnd in which it is 
relatively in^olui)lo. Tho stem is calibrated, and th6 rate noted at which the 
liquid expands tho dilatoinoter is slowly heated. At the^trauaition-point 



there is a mark(‘d change in tho rate of expansion, as indicated by‘the portion 
BO bn tlic curve (fig. 47). Observations are r(q»eated as tlie temperature slowly 
falls to the initial value. 

A lag in undergoing transformation ia usually observed, duo to super¬ 
heating when tlie temperaturo is being raised, or to supercooling if the 
temperature is being lowered, so that two branches, AllO and CDA, are 
obtained from which the miian value of tho transition-point calculated. 

3. The E.M.F. Method.-Ai two pieces of ih^saine metal in tho' same 
condition are imniCrsed in av electroly<.e and' tho metals connected together 
JO as to''form a closed circuit, no current‘pass’s, the KM.F. of the cfeH 
being zero. If, however, the nics’cs of nndal exist in diftVrent polymorphic 
forms, the cell lias a definite, t(n)Ugh small, J'i M.F. " At the transition-point, 

" * Osnyind, kicroijraphischr. Analyse dfr Eiseii-Kohlensfoffleyierungen (Knapp, Halle, 

IflOC). Jiee tliis senes, Vol IX Tiio view tliat iron can • xi'-t in tlir«e allotropie forme ia 
by no means miivei-'-aUv accepied, and has hcmi ttiado the snlijcct of i onsidi rable discussion. 
See Bencd-' ^ks, J. Ton Ated Jmt., 1912, II , 242; IH14, I , 407 ; Carpenter, ibtd., 1918, 
I , 815; Honda, ihid., 1916, 1., 199; Honda anti Takagt, ibid,, 1915, II., 190 ; lUvne d(t‘ 
Mit'ilhirgie, 1913, to, 1326 ; llurgrss and Cruwe, J. )Vashmgton Acn^ /SW., 1913, 3 , d§9. 
Also the Gciieml DiscUbsion by the Faraday Society, November, 1915. 
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however, where the two foyms are in equilibrium, the difference of potaotial 
between each metal and the solution tlio same, and, since the potentials 
act in opposite directions, neutralise othtr, tho E.M.F. of the cell 
becoming zero. • 

Cohen and van Eyk^ determined in tliis manner the trmfcsition-point of 
grey tin into the wliito or tetragonal variety. Tlu'y employed a cell eoiitain- 
iiig a strip of white tin and *0110 of wliite 
tin whose surface had been transformed into 
grey tin, the electrolyte in the cell being 
ammonium stannic chlA'ido. Thu cell was 
immersed in a bath the temperature of 
ivhich was altered* hntii the J'l.M K. was 
zero. * 

Other metlnids (le])cnd on a <letermina- 
tion of the soluhility (see p. H'b); noting 
a ciuinge of colour, as in the ease of 
mercuric iodide; watching, under tiie micro¬ 
scope, a charjge in erystallme form (tlu* 
so called optical inethoils); measuring tluj 
vapour pressure, as wiLli salt hydrates; 
or determining; tho conductivity for heat 
or electricatv- 

Analogies between the Melting-Point and the Transition- 

Point. —The analogies between the melting-point and the transition point 
may be stated as follows;— 

1. I’he transformation occurs at a perfectly detiiiite temperature in both 

cases, and marks a change of state in eitliei*c:ise. • 

2. J)oth nielfing-])oint au<l transition-point depend (^n IIkj pn'ssnre. 

An illn.slration of tins lias aln ady ^beeii given ^n •oiiiieelion witli the 
melting-point. The following table jiiovidcs.a similar illustration of tho 
effect of pressure on the traiisilion-point of*rhombic amPmonoclinU suljduir.^ 


I’ran'^itioii'l’i'iiil. 

• Pri-'.^iirc. 

Traiisiticri-pnnit. • 

Viessnrf. 

_ , • ,• 

. 

* 

_ * __ _•_ 



120 01’ 

C38 kilos, per sq. cm. 

100 ir 

l'J3 kilos. p(‘i si{. cm, 

110 1* 

1108 

110 11“ 

391 

150-1* 

13#J 



. _ 

- • - •---' 


The transitjon-point. iH like the melting point, either raiscil or lowered, 
accqfding to citeumstances. In the ca^o of s’^ilphnr, iron,-"* mercuric and 
silver iinlides, tho transidon-point is raised liy increasing tlio pressure. On 
other hand, tliflt of ^-rli^mbic aminonim* nitrate iftto the rhombohcdrftl 
form is, like the melting-point?of ice, lowered by pressure. • , 

3. Heat is absorbed tr evolved at the Jransition-jioint according to th© 
directioi* of the change. The form stalilo at tlie higher temperature always 


^ Cohen and vati Kyk, Pw. A’. AkiuL II cO^sch*Atnsleriloin, 1899, 2 , < 7, 

* Tanimann, JVifd. AiinaUn, 1899, 60, fi33. ^ 

* For iron, see I'aninuinn, Z-'itsrh. onorg, (.'hem., 1903, 37 . 44% ; fof m^uric Iodide, 

d^Uissana, N-iiovo (Jmevto, U95, [iv.J, 1 , 405 ; toi silver iodide, Tatfimaun, lyUd. Amahn^ 
1399,68, 633. * 
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passes into that stable at lower temperature with ovolulion of hfet {see ie 
Phatelier’s Theorem, p. 178), and the reverse occurs during the heating 
process. Evidence of these'facts fs afforded by the horizontal portion always 
observed in the cooling curve. When /1-Fc passes into a-Fe, a considerable 
amount of boat is disengaged, and the transition-point is widely known as the 
recalescence-pomt. There is therefore a latent heat of transformation just ^ 
there is a latent heat of fusion.^ ' 

4. Both melting-point and transition-point are affected by the prosouco of 
foreign substances, being as a rule lowered thereby. The presence of carbon 
in iron thus lowers the transition temperatures of (caibon) steels. 

^ Moreoveri' the extent of the depression depends on the number of foreign 
molecules present, and not on the kind.- ' / 

Difference between Melting-Point and Transition-Point.—Any 
dtfferGnco between melting-point and transition-point lies in tho fact that the 
rearrangement of molecules of a solid consequent on a change of crystalline 
form must necessarily be slow compared witlj the rate at which a solid passes 
into tho li(piid form. It is well known that a liiiuid can ho cooled consider¬ 
ably below its normal freezing-point. In like maniKT, monoclinic sulphur 
may be preserved for sonuj time at temperatures far below its transition-point, 
and tho same holds good for otlicr substances, es})ecially if cooled rapidly. 

Any substance cooled below its transition-point remains'for a time in 
what Is known as the metaslablo state. Before tlio stable variety can bo 
prod\ice(l, the substance must pass through the unstable suite, which can be 
best brought about by tho addition of a tnice of the form which is sbiblc. 
The previously suspend(‘d transformation now immediately begins, for the 
metastable condition cannot bo maintained in the presence of tho stable phase 
of the substanco Transition frorii nionoolinio to rhombic sulphur, on cooling, 
can therefore be assistf'd l»y tlie addition of a small amount of the rhombic 
form; as also the*transformation ,of white into grey tin, which otlierwise 
occurs only very slowly, at ordinary tempc'.ratures by iidding a trace of grey 
tin. Not only may monoclinic snli)hur l)e kept for a prolonged period below 
its trinsition-poiilw witljout change occurring, but rliombic sulphur may just 
as readily he maintained above the transition-point without tho transformation 
into mffnoclinio sulphur ^.ommencing; and this saperhcjiling is not peculiar to 
rhombic sul]>hur ulone, but is exhibited by other substances. The s’uperhcat- 
ing of a solid above its melting-point, however, is of very rare occurrence.® 


CnEMICAIi CUYSTALLOGRAPHY. 

Isomorphism. Introductory. — That different chemical entities 
freijuontly* yiedd very simikr kinds of crystals has been l«iown for ^nany 
years. Thus in 1772 Ilom^ do ITslo was aware that.mixod solutions of co'pper 
and ferrous sulphatcc will crystallise after theisame fonu as those of pure 
ferrous sulphate, whereas a pure copper sulphivto solution yields crystals of ' 
quite a diflbrent shape. In 1784 Ijcblanc drew attention to the fact that 


* See Hdttncr li’iid Tainraanti, ZcU^ch, anorq^Chem., 1905, 43 , 215. 

* Loweifiierz, iieitsch. phiinkah 1*695, 18 , 70 ; I)aw.soij and .Tackson, Trans. Ch^m. 

Soc„ 1908, ^ 3 , UA. * 

* For a liisclissioir of polymorjihisin from the point of view of the Plmse Kule, see 
Fiqdlay. The Phase Itule (Lorigmana & Co ), 8 m edition, 1911. The reader may als^ 
jonsult Julius Meyer, Die Allotroine dev chennschen Ele)henU, Stuttgart, 1910. 
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orysialr oi YuwtsBiuni amnjinium snipnato may contain considerable quantitiSfl 
of iron and yet retain the same cry^falHue fornii*; and in 181C Gay-LuS^O 
made the remarkable olxsorvalion that a ci^sta) of potassium alum will ^grow 
readily in a solution of ammonium alum, from which lie concluded that th'e 
molecules must have a similar form. In 1819 Killiardt Mil 8 c**trlkdi,’ after a 
careful study of tlm arsenate.s and plu>s])liatos of coitain metals, eiiunci- 
Aed his famous Law of Isftmorphism, ac(;or(]in"*to winch substances 
possessing “an equal number of atoms united in tlie .same manner,” exhibit 
complete identity of crysbfdlino form Tins law was at varianco with the 
current view, originatiuf by flaiiy in 1784, unit every substance of definite 
chemical composition is distinguislied by its own particular crystalline foriK^* 
and it was soon fo*iild that Mitschcrlicli’a law wii.s only a[if)roximutely true. 
Thus Mitscherlich himself*had observed that tlie charactoristic angles of di¬ 
ammonium hydrogen orthopho-spliate, {NH^lofirO^, and the cmrospondiitg 
arsenate, {lifVered by more tliay one degree*, an<l numerous 

other examples of a similar nature were rai)idly disenveiH'il, It lias now been 
completely estiiblished, mainly through the extensive re^eatl'he.s of Tuttonj 
that Hauy’s hyjiothesis is [lerPei-tly correct and tliat all the so-callod iso- 
niorphous sabstances exhibit definite <liH'orcnces, fillliongh«in many oases 
these diftbrcnces are relatively small. It has further been shown that these 
difterences ar(? functions of the atomic weights of the eleiiK'iits concerned. 
At the same time Mitscherlich’s principle of isomurpliisni, with a not too 
rigid interpretation, 1 ms pi'oved, as will bo seen presently, of groat value to 
chemistry. , 

Recognition of Isomorphism.—I fad the early belief of Miisclierlich 
that isomorphous bodies jiossess identical crystalline form proved to be 
correct, the recoijjiiliou of isomorphism would hiue been ai» easy task ; but 
from what has been sjiid it will bo evident that a inew.i study of orystalline 
form cannot of itself determine isomorphis«n. Thus, tlfe a.finioi^imu phosphate 
and ai-senate referred to above are regard)*^ as isomorybnus although their 
charactcrfttic angles exhibit a iliU’erenec ol more th/pi one (le^ircL* C^n the 


a similar chemical constitution. ALmin, it does not follow tlmt substances 
must contain tlie same number of atoms in tluar moletadef^iri order to bo 
isomorphous, as was originally jiostuiated by Mitscherlich. The ammonium 
salts, which have been made the snlqeet of eaieful .study by Tu*ton,* are 
cases in point, for “the replacement of the two atoms of potas-siuni by the 
ten atoms of th^ aimnoninm group.s is aia^mipaaied by an eilect but sliglitly 
grcaiir than that produced wlicn two atoms of rubidium arc substituted for 
those of potassium.”'* ^ . 

t • The question naturaUy i^-ises, therefore, as to what critcrio*) is to 


other hand, sodium nitrate and cahnte liave lu'arly the sarnl? crystallognfjdiic 
constants, but are noUiseally regarded as isuiiiorplious Similarly, sub|tanccs 
crystallising in the regular s/steni have the sarye crystaflographic constants, 
but are ndt be regarded as i.somorfihoiis uiilo.ss, like tfie alTims, tla^y possess 


1- Mitscherlicli, Ann. Ckim. Phys., Uii 14 , 172; 1821, 19 , 35o; 24 , 2tl4. 

* TutUiii, Crystallogrophu and J'radiod Cnjs^al Maifnircnail (Macnnlku &,Co ), 19H, 

P. 6. • • . 

> Tutton, Trans, t'hevi. Soc.. 1S94, 65 . 028 ; 1908, 83 , lOJa ; 87,1^23 ; 190^, 

1059. See also Murinauii and Rotter, SUzxtngshcr. K. Ab^d. JViS':. IVirn, 1.1f)8, 34 , 185; 
fopstje and Christiansen, Ann. C/um. Phys., 1874, [v.], l, f>; Penot, Jr<h. 
naL, J89I, 25 , 28. * Tutton, Trans. Chem. Soc., 1903, 83 . 1073. 
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ndoptod in order to rcco^^nise isomorphism. According^to Kopp ^ aifS Knjtgers^® 
two or more Bubatuncos arts to })e ro}i?ardc<i as isomorphous when they are 
capable of yielding mixed''crysffah —that is to say, cryBtals in which the 
components may be made to occur in varying proportions. It is not usually 
possible to obi?«iin a complete series of mixed crystals of any two isoinorj^hous 
subBtuuces, but it is often possible to obtain a limited series. This is the 
case with the chlorid-'s of [Kitassinm and anhnoniuni, mixe<l (Tystals being 
obtivnal>!e only when one of the comjxnients is in considerable excess of the 
other. The sulphates of potassium anil ammoninni, on the other hand, yield 
a very complete scries of mixed crystals, wliich is aM the more remarkable 
ir.asnincli as'iii ammonium sulphate tiio ten atoms of tho tSvo ammonium 
groups are oipiivMent to the two potassium atoms in pc/ta/.sinm suljihate. 

It is not to be snpjiosed that mixed crystals are more mechanical mixtures, 
f<Hr the recent work of (iossnor^ apparently proves the homogeneity of tlieir 
structure, a conclusion that hjid already been indieated by the researches of 
Wnlff; * but Gossner draws attention to the close connection existing between 
the power to form mixed crystals and the inoleonlar volumes of the sub¬ 
stances, and it appears that in an isonnnphous series of substances only 
those members yield mixed crystals the molecular volumes ?)f which are 
closely similar. Evidently, therefore, it is possible to iiavc, on the one hand, 
isomorphons substances incapable of yielding mixed crystals and, on tho other 
hand, mixed crystals from substances that are not truly isomorphons. Con* 
scquon.tly Kopp and Ketgers’criterion is inadejnato, and, according toTutton, 
“the term ‘isomorphism' has remained to indicate the geiicral similarity of 
tho forms of the crystals of similarly constituted chemieal substances, the 
dmihmly of rheimcal cons!itntion indeed., the only criterion of kornorphi&m 

which hoR rem<oncd vahd.”^ This opinion, however, is not endorsed by all 
crystallographers, some of whom arc ])re]>are(l to regard substanecs as being 
isomorphons wjthoitt nijiking any ri/ference to their chemical constitutions.*' 

Ihit exceptions t^ Kojip awd ^ictgers’ rule are relatively uncommon, and 
in the absence of any direct chemical evidence, the power of formnig mixed 
crystals or of exhibiting isomorphons overgrowth {tndc^ infra) may he taken 
as indicating isomorjihism. As recognised in tliis way^ isomorphism has in 
the^ pa*st pixn’od vei-y Kelpfid in determining 'atomic weights {ride infra). 
It is usually co’^isidercd necessary that two substances should 'belong to 
tlie same crystal ny.Hem before they can bo regarded as isomorphons, but 
they need not pf necessity belong to the same class. Tn exceptional cases, 
however, it is possible to make out a good case for the isomorphism of sub¬ 
stances belonging to dilicrcnt systems.'^ 


^ Kopp, Her., 1870, 12 , 8 G 8 . 

* Retgers, Zcd-^ch. phyailal. Chnn , 1889, 3 , 497. See als^Miis immoroiis later papers in 

the same jouriml duringitbe years 1^89-96 «. 

® Gi>Asnei^ Zcdsch. Kryst. Min., 1907, 43 , 130. 

* WuhV, Zeilf^ch. Kry.H. Min., 1906, 42 . .'>58. 

® Tutton, Crystalline Siniclure ard Chemical Cojistnuiu/n. (ftiaonniian & Co,}, 1910, 
p. 6 . Tho italics arc ours. 

® See, e.g., T. V. Barker {Trayis. Chem. 1912, loi, 2484). It is then found that 
vdulo in tlie uiajdHty of cases i^oinornhous .substances have equal numbers of similar atoms 
iu their niomculi'S, e.g. K. 2 SO 4 and llb.pth, In a nymbor of cases the nioleeules contain equal 
mnnbejK ordissituilar atyms, e.g., KUh and (;)aW 04 , NaNOgand CaCO., CuTiFg. 4 H 20 and 
Cu0b0]‘'B lUjO I’^and In other eases tlie molecules do not contain equal numbers of atoms, 
e.g (NH.),SO. and Kj.SO., (NII^^ScO. and Csallgl., MtiDI,, 411,0 and NojOIF,. 

’ Fodomw, liaise?,. Kryst. Min., 1913, 52 , 11, 97. 
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ISOHaOJ^hoUS Overgrowth.^ —Montioii has already been made of 
Oay-Liissao’s observation that a crystal* of potassiftrn alum will readily gfow 
in a saturated solution of ammonium alum *ind retain its same characteristic 
shape. This is known as isoinorphous overgrowth, and was regarded by Kopp * 
as a reliable test for the i.sonior[)hism of any two or more sub^fances. Like 
the power of yielding mixed (crystals, however, that of exlubiting isoinorphous 
ovi^rgrowth is possessed by bodiTis wliieli are not necessarily jsomorphous, but 
which have almost identical molecular volumes. Consequently tins test is 
inanfticient by itself, although in certain casesjl may prove very useful. 

When the molecular Vdunics of two jsomor[)hou.s substances arc approxi¬ 
mately equal it*i8 i)o.ssil)Io to obtain regular or “jiarallel'’ groT.tbs of on« 
substaiicii upon the <^tlter. For example, wlien a drojj of a si^urated solution 
of potavssiuni permanganate placed on a ])crfeetly clean face of a crystal of 
potassium pcrchloiule and allowed to evaporate, numerous minute crystals 
of potassium jievmnnganate are <diser\e(l t(^ form, having their coiTC- 
sponding edges arranjicd as neaily parallel to one another and to the 
corresponding edges of the porcldorate eryslal as it is ^los^kibh! to expect 
when the slight angular dii}‘(3rence.s between the permanganate and per* 
chlorate are teealled • 

The formation of isoniorplions overgrowths or regular growths, then, are 
valuable indications of the cMstcnee of isonioiphism. 

Isopolymorphism. —it has Ixam alneuly observed (p. (15) that many 
substances are cujiable of existing in a variety of crystalline forms. ?tow, it 
frequently hap[)ens ,that two or more polymorphs of one substance arc iso- 
morphons with those of another. Tliis phenomenon is known as isopoly¬ 
morphism. When tlic number of isomeric polymorplis is two, the term 
isodimorjilusm is u.sually employed ; if three, isotriinoi-iihiamf As might bo 
exjieetcd, l.^odimolq)hism is the most usual typo of is<k()()lymorphism, and a 
good example of this is aft'ordod by ai'sei«ous and nnfijnAii(ji|^ oxides. P'or 
a long time these were only known in ong foi'in, eacli^ and were not iso- 
morphous,*the arseiiions oxide occurring in octaheflraaf^the miiau-al 
and the antimonious oxide in rhomlMc crystals as the mmcYnTvalt-ntlnita.* In 
view of the close choj^nical similarity between the two oxides this appeared 
remarkable, and it w'as to be ^iresiimed that othyr vai^ieties of the two oxijes 
existed isofnoVjdious with those then known. In 1832 Wohfer oWrvcd that 
ai'scnious oxi<le m the sublimate from a cobalt roasting furnace sometimes 
occurred as rhombic prisms, isonnrphous with tiie usual rhom^iie anlJmonious 
oxide. Claudet likewise found the same modification in a I’ortuguose mineral, 
now known as claudetite. Finally, the mineral Ki-nnrmontite w^is discovered, 
in which antimonious oxide occurs as oetahedra, isoinorphous with arsenolite. 
The two oxides therefore isodiniorjihoiis* • 

A^'good example of jsotrimoiphism is aftbnled by tlie dioxides of tin 
(SnO.,) and titaniun^(Ti().^}. « ^ • 

• • Isomorphous Serias.-- Ihilements that replace one aiioth$r isomor- 
phously in their compounds are termed “isomorphous elements,” althougli 
it often happens that ^ho free I'lenients tlTcan-selves are not isomorphous. 
Adopting this convention, it is pot^iblo to arrange the elements into ton 


* Interesting contributions to this subject hiivo been in.'wie by J. V.^Harker {Trans. 
Cfum. Soc., iy06, 89 , 1120 ; Mnu 14 , 285; ^ 5108 , 15 , 42), anii»for further 

infonnation the reader is referred to his papers. 

. ^Kopp, 1979, 12 , 868. 
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isomorphoiis series. The following is Arzruni’sVarrangement one or, 
two additions:— 

J. H, K, Rb, Os, (NH,), Tl; Na, Li, Ag. 

TI. Be„Zn, Cd, Mg, Mii, Re, Os, Hu, Ni, IM, Co, Tt, (hi, Ca, Sr, Ba, Pb. 

III. I.a, (;c, Pr, Nd, Sin, Ku, (Jd, Ti), l)y, llo, Y, Er, Tm, Yb, Lu, Bi 

IV. Al, Fe, Cr, A), Mn, Ir, Uh, (hi, In, Tl. 

V. Cii, Ilg, Pb, Ag, All. 

VI. Si, Ti, Cc, Zr, Sn, Pb, Ce, Tli, Mo, Mn, U, Hu, Rli, Tr, Os, Pd, Pt, 
To(1). 

VII. Nf P, As, Sb, Bi, V. 

VIII. Nb, Tl. 

IX. S, Se, Cr, Mn, W; To (1), As, Sb. 

X. F, Cl, Br, 1, Mn, (ON). 

It will bo observed tlntt all the bo.st known elements are included 
in this classifivation, save oxygen, carbon, boron, and scandium. Several 
of the elements appe.'ir in two or more series. Manganese is a case 
in point, occurring in series II., IV., VI., IX. and X., sineq its variable 
valency atlbrds it special facilities for yielding diftevent types of chemical 
compounds with correspondingly ditlevcnt cryslallino structures. Thus, 
as divalent manganese in MnO we have iKomorphisin with CaO, FeO,.etc. 
Trivalent manga.leso yields alums i.somorplions with those containing 
ahimi/iium and ferric iron, and .so on. Further, the al)ove grouping affords 
■considerable support to the usually accepted periodic .Irfangeincnt of the 
elements (see (Jhap. VlII.). Thus, the inclusion of silver in the first group of 
the periodic t.'^blo is supported'by the isomorpliism of tlie sulphates and 
seleuates of soclium and silver;''^ the isomorphism of the chromates and 
sulphates of several itcUds justifies the inclusion of chromium in the sixth 
group along \Lth sulphur; and finally the isomoiphous resemblance between 
KCIO^ an^l KMn(t, ilidicales tfiatf itiangaucso is correctly pl.ieed in tiie seventh 
group along with, the htdouens ^ 

Isomorphism and Atomic Weights.— A study of isomoiphism may 
bo of ussistance in* det,onnining the atomic weight of* an element when its 
equivalent weight is known. * Thus, for example, knowing the atomic weights 
of potassium and oxygen, analysis shows that the formula for poLissium 
seleuate is K.,.Se„0.,, wlii'ro n is unknown. 

Mitscherlich concluded, however, that potassium selenatc and sulphate 
are isomorpho.ys. From this it follows (knowing the formula for potassium 
sulphate; that in the former salt —1, only one atom of selenium being 
present. The formula is thus K.,!;'e(),^. Now, simple analysis sliows that the 
salt contains 28’fi2 per cent, of oxygen and 3579 per celit. of selenium. 

i> ^ 3579 

Hence for every 61 parts of ^xygen (4 atonw*') it contains 64 x = 79'2 

purts of selenium (one atom). Thus the atomic weight of selenium is 79’2. 

Classic examples of the application of the law*Of isomorphism to atqmio 
weight determinations are afforded by Hoscoe’s correction of the atomic weight 
^ c _ _ __ ___- - 

^ Arzruhi, Physikaji^'ke Oicmic der KryUallf, Vieweg, 1S93 ; Grotli, Mnleitung in dii 
ehtmiseke Kcysthilograpkie, boinzig, 1904. 

••Mitachci'lich, Potig. Annntnii, 1828, 12, 137. 

8 Mitscherlich, ibid., 1832, 25, 293. 
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'■" V. 

jpf ■vaDad‘un#(see Vol, Vt.)iind T^ccoq de Boisbaudran’a determination of ttp ' 
• atomic weight of gallium (see Vol. IV.).* 


Barlow and Porn’s Tiikury of Valency. 


. - f,The researches of Sollas ^ hav^o con.si<leral)Iy widened OTir knowledge of the 
intimate struoturc of crystals, and paved the way foi* the ciumriation by 
Barlow and lk)pe of a crystallographic theory of valency, which may •be 
conveniently discussed aj this point. According to Sollas, the space ocen- ■ 
pied by an atom of an element has the form of a solid of ^revolution, 
being in most cases spl^rical. On the outshk' of this atomic space a foroeT 
of attraction exists, Much t(;nd.s to draw all other atoms towards the spaco; 
but such atoms arc assumed to be incapable of penetrating or invading the 
atomic space by virtue of a repulsive force or pressure within. Ivjiulibriunf 
between the atoms of ditlerent elements impiies*the formation of a definite 
chomi(!al molecule, .‘iini such molecules are largely dependent for their shape , 
upon the number of their constituent atoms. Molecules coubiining similar 
numbers of atoms mjiy thus be ex})ccted to possess similar configurat ions and 
hence exhibit Certain crystallograj)hic connections, yuch, for (Sample, is the 
case with the d^itonuc chlorides of sodium and potassium, which erystallise 
according to th(i cubic system and are cbaracterise<l by cubical cleavage. 
Triatomic molecules, such as calcium lluuridc, (kiK,, belonging to the cubic 
system exhibit octahedral cleavage, thereby indicatmg a diflerent molocular 
structure. • • 

Barlow and I’opo- have developed these ideas more fidly. By a crystal 
they understand “the homouoneous struct»ije derived ])y the symmeLrical 
arrangement In spaco of an jiidefinitely large iiumlKU’ of sphl^ros of atomic 
influence.” The attractive forces acting between tlie^ALoins will cause the 
atomic spac(!s to lie in contact with one aiffithor at tlio ma^imivn number of 


points, andjbho atoms composing a chemical Rpoiccule will,»in conseqm'iico, be 
as closely pacluid together as possibh', while the molecules themselves .will 
also pack closely togetlyr into the minimum compass. When a riumbei*of', 
similar bcKlies are pack^'d with maximum eloseiiess, tli^ aje \i 8 ually foiyid to 
have assumed a homogeneous iirrangement. It is reasonable to syppose thii,t 
crystals represent homogemeous structures of thi.s kind, Jhe units coni' ' 
IKising them consisting of atoms and molecules, and hence tliat these molcctllar 
structures coincide in symmetry‘aiu:! relative dimensions witU the observed 
crystalline structures of the crystals. This is a most important assumption, 
inasmuch us theories regarding the ari’angoments of the atoms a*nd mblecules 
thereby admit of being plicckod (pjautitativrdy by reference to crystallo- 
^raphic,constants\ ' • 

TIffe particular constants utilised by Barlow' and JVipe are termed 
equivalence parameter. They fire denoted by#.r, y, z, mid defined by the 
equations • ^ • 

• fj'W • f 1 • 

__ . - , v=^3L a, and 2 = cy, 

csin tt. sin ji . sin y 


* Sollas, Proc. Rmj. Soc., 1898, 63 , 2/0 j 1902, 69 , 294 ; 1908, 80 . A. 267. 

* Barlow and Pojic, Trans. Ckem. Soc., 1900, 89 ,1075 ; 1907, 91 , 1 uiO ; 1 ^ 08 ^ 93 ,1528; 

IBJO, 97 , 2308 ; see also .larger, ihid.^ 1908, 93 , 517 ; Jeiulalein, ibid., 1909, 95 , 1276; 
Armstro^, 1910, 97 , 1678. • . 
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where a, b, c, o, y are the orystallograiihio oonjitants defined tn Use usual 
manner so that b is cquaI*to unity (ft 49), and W is the valency volume of 
the molecule.* ' * 

• The factor W, or valency volume, requires further definition. It is here 
that Barlow and Pope introduce a geometrical conception of valency. The 
sphere of influence of each atom in a molecule is assumed to be proportional 
to its valency, iind is spoken of as its valei ,cj. volume. Thus, tho sphere^of 
infijiience of each univalent clement, such as sodium, potassium, chlorine, etc., 
is represented by a sphere oMinit volume, althou^di, as l^iirlow and J*ope 
show, the spheres of inHuenco of cijui-valciit elements are only approximately 
•qiial. Oxj^gen, of valency two, is rojiresented by a sphere* of twice, and 
carbon by a sjfhtire of four times, the unit volume; afi<l so on. The valency 
volume of a molecule is tho sum of tlie valency volumoa of the constituent 
atoms. In double salts a delinite relationship obviotisly holds between tho 
valency volumes of the several component parts and between that of each 
component and the total valency volume. These rebitiouships in general are 
very simple. Thu alums provide one such example:— 

W. W(toUl). 

K*SCV A1..(.S(),,)3. 24JI.,0. 12 + 3G + 1K) x. • 144. 

(N|[^).;S(\. AC(S()J3. 2 tH.A 24 + 3() 4- DG - 15G. 

It shf.add bo emphasised tliat it is the relative volumes of the spheres of 
atomic influence of the atoms in a molecule that are su]>posed to bo apfiroxi- 
matcly proportional to the valencies of the atoms, the absolute magnitude of 
the sphere of influence of an atom changing considerably' according to tho 
molecule in which it finds itself. 

The comparison of the crv.stayine structures of chemically allied substances 
is termed mori^iotropy. The eumparison Is u.sually carried out liy reference 
to the topic axial rath}^ ^ of allied, isomorpiious substances. Karlow and Pope, 
however, compare The ciiai-valeuty 'ffaraniHt'r^, even when the 'ilUed substances^ 
are not isonior]>lio*kS, ]>rovi(led«that the corresponding axial angles do not 
differ greatly, ^’hey ^nd that when allied substances are thus compared, the 
eorresponding equivalence parameters are frequently*,very nearly ('qual. In 
the a^^sence of an.eqigilly good example amongst iua’ganic siihstaiices, the 
data for caaiph^r and a imniher of its derivatives, as given byjiarlow and 
Pope, may be quoted :— ^ 


# 

X 

y 

z 

Camphor. 

a-ilil)vomocaiiiplior . • . •. 

0 (libioniocamphor . 
a ir dibromocainphot 
/5-monobromo?amph')r 4 

t 

2 91)43 

2- 99.'>9 

3- 0107 

2 •1)498 
2-9084 • 

t 

3-4577 

3*-4949 

3-4832 

8-4400 

3-538-2* 

t 

5 6021 
• 5 5395 
* 5-5308 • 

5-7156 

5 6363 


^ If diAuiun'S 7/, z be mea>iuei^ along tlu* cry.stjiHogfttjdnc axes and regaided as the 
Ootemiiiious cdge.s of a parallelo|»iped, the vohnno of tlu» solid is cipial to W*. If, in the 
above equations,i^W be replaced by V, the grj n-niolccular volume, tlieii the new values of 
1c, y, as, luaially U< noteii by x, ^ re^ut'Ctively, are called the topic axial ratios or tho 
mcJecnlar.distance ratios of the irystal (Bccka, Anzeiger K. Akad. IViss, JVien, 1893, 30 , • 
204 ; Muthinanii, Zeihsh. Kryst J/in., 1894, 22 , 497; Tuttou, Trans. Ckem. Soc., 1894, 

■ 6S> 628). • . 

* Barlow and I'upe, Trans. Chan. Soc., 1906, 89 ,1^5. It may be remarked that owing 
to the arbitrary manner in which tlie pyramid face (fll) is often selected, and. in the case 
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' The poswbiltty of assigning almost the same sots of equivalence parameters 
to each member of a series of allied siA)stancos i.s«)»el(l to be good eYidoiice ' 
ill favour of Harlow and rope’s'original^ussiiiftpLHui coueorniiig valency 
volumes , 

Tiie phenomenon of isomorphism is explained hy the e([iuilitv of valency 
volume shown to exist between the replaceable coiistiliients in a crystal. For, 
re'Rarding a crystal as a homogeneous, closol v packed ivsscmblagc of spheres 
of atomic influence, if similarly environed spheres or groups of spheres be 
removed, cavities are left which can be occupied by a diHeivnt set of identical 
groups, provided their ^otal volume is tlie*saiiie ns tliat of the spheres 
reiuovetl, or so nearly the same as to require no alteration ot>iio originaj 
arrangement of the*f^dieres. That is to say, tlio valcricy^volnnu's of the 
replaced and replacing grou5)s must be nearly the same if the original form 
of the crystalline structure is to bo preserved. An oxamplo is provided by 
the isomorphous compounds K.,SO,,, Uli.SO,,, andCs,.SO,,, and K,SeO^, Kb^SeO., 
and Os^SeO,,, the equivalence parameters being practically the same for each 
series. Again, the isouiorpliism of the two substances ^N'aAISi.jOg, and 
anorthitey (JaAl.jSi^,0„, so dirt'oront in composition, rei'cives ready explanation 
Tn each casiy the total valency volume is .‘12, and NaSi iii^albite can be 
replaced by tlie group CaAl to produce anorthitc without altm'ation of 
structure, becalise the valency volume of NaSi (namely 5) is equal to that 
of CaAl. 

The explanation of the valency as a function of the volume in wliich the 
atom or group of atpins exerts an influence, proceeds from the results’whioh 
Barlow and Hope obtained on examining the geometrical properties of 
assemblages of spheres. Tlio first and simplest application, described in 
the preceding paragraph, explains e<]iiivalehcy and isomorpl^sm. A second 
property discovered is that if a sphere of volume m js replaced by one of 
volume 7?i + n, then any expansion of tlu* assemblagc*br(«ight about by the 

* insertion of the sphere of larger volume does*not require an alteration in 
the distril?ution of the spheres as a whole, provided that, in addltioii to the 
larger sphere, one or more s[)hercs of total volume n are insH’ted at tbe*iiRme 
time. Close packing is, by sucli a process, restored willumt alteration of 
the original arrangement. A^iplied to chemical subst^utlhn, if for hytfrogen, 
carbon of ^obime 4 is inserted, then 3 hytlrogen atoms* or 4 nilrogcn atom, 
or 1 hydrogen and 1 oxygen atom, must accomjiany Ihe earl)on atoyi* if 
alteration of structure is to he avoi.lcd. 1’he valmicy relations between 
groups of elements is tlius revealed, 11 being seen to bo ti?c (‘(piivulent of 
Clfg, of CN, or of OH. The close similarity of cryst.'dlme foiwn beVveen the 
chemically very dillereut substances NaiXO., and (’aCO;, is to be explained, 

• according to Barlow and Pojie, by this r'ilatioi^sltip. For if, in the rhom* 

boh^JVal structure of crystalline NaNO^, Na of milt volume is replaced by 
Ca of volume 2, a gap is prodi^^ed whieli can only be closed without alteration 
•of the structure by the ii^trod|iotion of an adfTitional valeniy volipuo. This 
is accounted for by the suggestion that N of volume 3 is replaced by 0 M 
volume 4, giving rise tiyclllcito. • * 

The dnnltivalency which certain^ elemeats exhibit is cxjilainod somewhat 

of crystals of low gfedes of syuniu-try, to llic anufrai^' manner in which the directions of 
BomeoTidlof the crystallogmghic axes may he rlmsen, a cvitmi ainpunt of mathematical 
manipulation of publislnd data is oflen nocess.vry to biim^ out the roseiohlaves. In the 
examples quoted above the derivatives of cami'lior aie orlhnrlionihic ; eanqihor is hcxa> 
gonal, but has, nevertheless, been referred to thiae mutually perpendicular axes, 
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^tnilatly. For the ie|>inuyinem> oi au aifOm or valency m ny ojps ok valeiicy' 
necessitates anotheik atom of vj»!oucy 1 being insorted with it. Inst^’ ’ 
of the atom of valono}' i, thtf original atom of valency m together with 
aR atom of valency 1 may bo inserted. Thus, an atom of valency m may 
act as if it ha<l a valency w+Ih- 1 or m + 2, while its sphere of influence 
retains the voiumo ap})ropriate to an atom of valency in. 

Similarly, if two,atoms of valency 1 aro^forced into the cavity with^o 
orij^inal atom of valency w, one or more atoms of total valency 2 must be 
inserted to preserve close packing without rearrangcuicut. In this case, 
the original atom of valency*w functions as of A^alency w + 4. Thus an 
^xplanation^is afforded of the fact that the several valencies of multivalent 
elements generjilly differ by two or multiples of t\vo^.p, 285), as in tlio poly¬ 
iodides, e.;/. Csl, Csl.,, Cslg, Csl., and Csl^. ' 

D A further discussion of Harlow and Pope’s theory cannot be attempted 
here, but it should he pointed out that numerous objections to this as to 
every other theory of valency may be brought forward.^ 

The Coij/udal Statis.^ 

Introductory. —If a dilute solution of sodium silicate is poured into an 
excess of hydrochloric acid, no precipitate is forrued. WIkAi, on the other 
hand, concentrated hydrochloric acid is mixed with a concentrated solution 
of sodium silicate a white gelatinous mass of silicic acid is produced. An 
.obvious explanation is that the silicic acid is but sparingly soluble in water 
and, whilst not readily precipitated from dilute solution, *it separates out if 
concentrated. After studying the problem, (iraham-' came to the conclusion 
that such an C|fplanatiou was luftenablo; for, on pouring the dilute solution 
of silicic acid into a small dish made of parchment and floating it in water, 
he discovered tha^ w*.ile the so(|»um chloride diffused throttgh into the 
Water below, t?he silicic acid „romained behind in the di.sh, thus proving that ^ 
it was not an ordiSarv aipieou^ solution. In view of this, Gralf.im termed 
sili^ih acid a coifoid.^ Sodium (^iluride, and all other similar bodies that 
were capable of diffusion througli ]>arc}iment were (Called oyAfa/finds^ and 
the mtthod of separatkig crystalloids from colloids b^ dirtusion was termed 
diMysis. - , - " . . 

A colloidal solution is usually termed a sol. If water is the liquid medium, 
the solution is known as a hydrosol : if alcohol, an alcosol ; if glycerine, 
glycerosol] or t'oe more general term ovjanosol is employed when the medium 
•consists/>f some organic liipiid. All liquid media in colloidal solutions are 
known as dispersion media, whilst the colloidal substance itself is termed the . 

^ T. V. Barker, Trans. (Vinni Hoc., \912, loi, *2484 ; 1915, 107 , 74j*'; T. W. Rieliarda, ' 
/. Amer. Qum. Soe., 191.S, 35 , 381 ; 19J4, 36 , 1686. Comj)are Barlow and PopeVi^ftf., 
1914, 36 , 1675, 1694. 

® The litoralure on 'this subject? is very voluminou^, and the reader wishing to pursjic 
t)^e study further is reooiuniended to consult the followKjg w<.rks :— 

Foschl, The OhmisUy of Colhnds, trans. by 11, Hodgson (Gritfin &Co., 1910); Wo. 
Oitwald, Qrundriss Per Kolloidrhpml- (Presden, 1909); A.^Mf/lIer, JUgcmcine ChemU d<r 
Kolloide{lje\\m^, 1907); Zsigmondy, Vber Kolloidchemie 1907); Proctof, Colloidal . 
Chemistry [Brit.f^dssoe. Rfp , 1908, or CUeiw. K^ews, 1908, 98 , 152); and Zvdschrifl fUr. 
Chemie nnel Industrie dcr KoUoide. edited by Wo. Ostwald, Leipzig, Ilatsclick, IntrodxiC' 

. Hon to the Chemistri/ and Physics of Colloids (Clu.rohill & ('o , 191.8); IJnrton, The Physical 
■ Properties of C<P,loidrP. Solutions (Longnmns k Co , 1916); Ostwald, Colloid Ckemisiry, 

. translate*! fly Fischer (CliurchIV k Co,, 1916). 

* Graham, Phil. Tram., 1861, 51 , 204 ; Annahn, ,1862, 121 , 1 ; Ostwald’s Klassikef^ 
Ka 179 (1911). * From Ok. glue. 
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di^mtphme. It is nflt necessary that the medium shall be- a liquid j-for 
oolloidal solutions in solid media are kimwu, sucli of j^old in glass.' 

General Occurrence of thfe ColloWal State.— So many colloidal 
substances have now been prepared, .auuuig tlioni mauv sul)staiu;es whieh 
exist ordinarily as crystalloids, that tlu; colloidal .stale'may Ije regarded as 
a general state of matter into which all solid .sid>-itan(.'csi nudor suitable 
eruditions, may be brought. 4 ho carlie.st stmlied coljoids woi'c largely of 
organic character, such as white of egg, gum .arabic;, dextrin, caramel, etc. 

Substances yielding Colloidal Solutions. — Ilc.sifles niiinorous 
organic bodies the followng inorganic subslantes yield colloidal .solutions» . 

1. Ihi slffvitjits phosphorus, sulphur, selenium, silicon, and horon, t(^ 
gether with almost ajl*he motals. 

2. Sulphides of selenium,•tollurium, tungsten, ar.seiiie, antimony, bismuth, 
sine, cadmium, tin, lesid, iron, colxalt, nickel, copper, iridium, uuucurv, silvea 
gold, p,alladium. 

3. Oxides and hydroxides: phosphoric aciil^ silicic acid, arsenic acid; 
magnesium, lanthanum, and yttrium hydro.xides. Hydroxides of gluoitium, 
aluminium, zirconium, thorium, tit,auium, tungsten, molviidcuum, chromium, 
manganese, c»rium, ilidymium, erbium, bismutli, tin, load, copper, iron, gold, 
cobalt, nickel, silver, mercury. Oxide of lianum and vauadiuni pentoxido. 

4. Salts, et(f: Chlorides of sodium and haul, mercurous eliloride, sodium 
carbonato. Sulphate, phosphate, chrouiiife ami carhonatc of barium. M )lyb- 
donum blue, tungsten blue, gold purple, llerliu blue, copper ferrocyauido. 

Since 1907 ni<auy otlu*r inorganic «iibstunc('s havo been prepared m tho 
colloidal state, aftiontr tiiein graphite,'* sodium bromide and ifxlide, and 
potassium chloride, bromide, and iodide.‘‘ 

Preparation of Colloidal Solutions. *--Colloidal soliUuins of inorganic 
substances may bo prepared in a variety of ways, of wliich tlm following 
are typical 

• I. ElemeMs. —(ft) Ry the action of in.ui^ miueing agones, suen as tannic 
acid, pyrog#ilIol, a solution of phospliorus in*etber, formaldehyde, l»ydrazme 
hydrate, hydroxylaminc, etc., on very dilute solution.^of in^tallie salts 
of gold and silver). ♦ 

{b) Ry the additiefh to tli^ disperse medium of a sitiall ijunntit/ of a. 
solution of* the substance in aiiotlior solvent. ‘Thus, Collohlal •.suljduir 1)r 
phosphorus may be })repared very sim])ly by adding a solution of the ehugent . 
in alcohol to a large hulk of \vat(y'.^ 

(c) By an electrical discliarge under pure water hotwecif jwlcs of the 
.metal or other element.^ In this way colloidal Ag, Rt, Au, (*d, and S 
havo been prepared. 

, {d) By the (Jisintegrjfting action of ulfra-vi^let liglit on the clement, 

whicl^^fa covered by the disperse medium {e.g. Ag, On, Sn, IM)) ^ 

• •* According to Taramann’s yiew»f the ttiiiorphous sLite (p. 47* glii-s is a supercooled 
liquid. Sec P. It-liland, /Colloid Zatsch., 1907, 2 , CZ. 

^ Acliesoii, i/. FranUin 1907, 164 , 37.'). , • 

* Paal lyid Kiihn, Bcr,, 1908, 41 , 51 and 58; Paal and Zahn, ihd., 1909, 42 , 277 

and 291. . 

* von Woimaniand MaljishefT, J. Russ. rhys. Chnn,. AV., 1910, 42 , ; von WoiraaTH 

and Kogan, ibid.^ 19J0, 42 , 480. • • * 

^ Bredig, Zeitsch. an<jew. Chetn., 189?, p. 951; Bredig and Muller von* Benieck, 
'ZeitseK physiknl. Chem., 1899 , 31 , 258; Bredig, ibid., 1900, 32 , ; MiTller^iiKl Nowa* 

-kowski, 1905, 38 , 3779. • 

■ Svedberg, Ber., 1909, 42 , 4375*, Zeitsch. Chem. Ind. Kolloide, 1910, 6 , 129. 
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(«) By stirring the finely divided element with' an aqneou* sojution of 
an organic colloid (e.g, graphite witliAannic acid).* . 

II. IIgilroxides.—{k.!i 'l*'c(0If)3an(l Ar(OIl)j) By hydrolysis. A colloidal 
Boiutioii of ferric hydroxide, for example, is readily prt'pared by adding 5 c.c. 
of 33 per oeni:. ferric chloride Kolutioii to a litre of boiling water, and removing 
the chloride rCinaining, as well as the hydrochloric acid, by dialysis. 

III. Su/ji/udes.—/M ff. As.iSg and SlvSg.) •'By the passage of sidphure^d 
hydrogen through certain solutions j for example, a solution of arsenious 
oxide in water.^ 

IV. K^alts.—By chemical iiAcraction in organic f,olvents. Thus, colloidal 

sodium chlcffidc has been prepared by the interaction of ctUyl-chloro-acctate 
and sodio-etbylmalonatc in beu/cnc or eilicr.^ r , 

The solutions so jirejiafed arc in most cases very dilute. It is possible 
to separate the colloidal substance by centrifuging the solution and filter¬ 
ing, or by special filtration processes (s(!e p. 81), and the solid substance 
so obtained may bo again converted into a colloidal solution by shaking with 
the dispersion onedinm. 

In api»earance, sols may appear clear, turbid, opalesi^cnt, or lluoresccnt 
according to,their nature and tlie mode of preparation. /I'he metallic 
hydroaols often exhibit beautiful colours, as, for example, the famous “Purple 
of Gassius,”'^ and the various forms of colloidal silver.^ • 

Nature of Colloidal Solutions. Solution or Suspension?— The 
question whether any supposed solution is a true solution or only a suspension 
may bo tested in various ways, such as by allowing the liquid to stand for 
some time, by filtration, by microseopical examination,''and by TyndalPs 
method. The hist-nanied test consists in passing a powerful beam of light 
through the sj^Jution, and its cfllicacy dopeuds on the fact that if a space, 
whether liquid or gaseous, is devoid of suspended particles, the beam is not 
seen during its attui^ transmissivn through the medinin. When particles 
are present, tl'io beam is n'ndei'iul visible, a glow being apparent in tiie liquid,- 
and, on emergence, Uie light is found to be polarised. Pietoii afed liinder*' 
foirid that eollftdal souitions could bo preserved as such for a long time, that 
they could bo passed unchanged through filter paper,^.uul in most cases were 
qiiite^void when exiimincd under the microsco}K.‘. The'Tyndall test, however, 
clearly sho^Ved the fireparatlous to be only suspensions. An iugonious appli¬ 
cation of Tyndall’s method was made by Siedontopf and Zsigmondy'^ in the 
construction of the ultramicroscope, in whiph a very powerful beam of light, 
either from an'ai-c lamp or from the sun, is concentrated on and mado to pass 
through a litHc of the sol (contained in a small quartz cell. Through a micro¬ 
scope the Imc of vision of which is at right angles to the beam of light, the 
parti(dos [iresont arc soon ,by mwins of the liglit they relleet, and their size, 
and number can be estimated. Ily means of tbo^ nltra-microscope cqlJoidal 
solutions, of iuorgiinio substances, at any rate, have been proved to consist 
of suspei^^ions of particles in *^ery fine, but varying stated of division. , , 


* Aclicson, loc. cil. 

' * I’ichon and Linder, 7'ians, Chem. Soc.y 6i, 137 and 148. 
n • Paaj and ifahn, cit. • •* Soo Vol. II. of this seriea. 

* See Carey Lea, Kolloides Silbei- unddie rii.olokahde tyOS), 

® Lor. cit. ^ , - 

’ Sieilerctopfaml Zsigmondy,'//Tin. Ph/i'iil-, lfiii3, [iv.]. lo, 1 ; Siedentojif, J. Roy. Micros 
Soc., 1903, p, 673 ; Zsigiiionlly, Versavimhrntj dcutscher Naturforscher^ Re)>. 85 (Wieii) 
Siedontopf, Kolloid-Zcitsch., 1913, I2 68. 
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The Size of ColIoid*Particle$.-5-^^r’^i^8 n^ethods have been devised 
for the dctonninatioi) of tho appi-oxiinalus-size (*f the particles in colloidal 
solutions. Two of these are described here. ^ ' ,#' * 

(a) Ultra-Filtration. —Bechhold- has constructed a sorieg of filters*of 
different dei^rces of efficiency and measured tlie sizes of rtie pores they 
ooptuin. The filters were niad(^by soakinj; filter paperp either in a solution- 
of collodion in acetic acid, afterwards washing with water, or in gelatine 
(of various concentrations) which was subs^Hpiently hardened by furnirflin. 
S\ich filter papers possissed pores of dianifter varying between 930 and 
21 X 10'* ram., |ind by their use, Ihichhold was aide to clussify^thc various 
colloids according to sizes of their particles. In the foUowing table the 
colloids avo arranged in order according to the^sizes of their particles, the 
largest being placed first:— ^ 


'T.ASSIFICATION OF roIJ-OIDS UV HIZK. 

(Ultra-Filtration IVocess). 

Colloidal I’latinvun. 

„ Ferric Hydroxide'. 

„ Arsenions )Sulplndo, 

„ Cold. 

1 per cent. Celatine. 

Colloidal Silicic Acid. 

Litmus. 

Dextrin. 

Crystalloids. 


(h) By the Ultra.-Mirrom>i>e. —Tlio waj in wliicli this niaj* be done can 
'be best illustrated by an example studied Bnrto«.^ A suliition o 
colloidal Sliver containing 6'8 mgras. silver per l()0*c.c. w^is diluted* om 
hulidred times. Of th^s solution, O'Oi c.e. was examined in an iiislrunieid 
working on the samc^principlo as tlie iiltra'micr(>seoj,)e, {jnd tlie imndier ol 
particles counted, this nuinbSr being 300 Assuming J:ho ^jar^cles to iie 
spherical aftd*the specific gravity of silver to be 10 5, the average radius of 
the particles was found to be LTxlO"''* cm. The average size of •the 
particles in colloidal solutions of* platinum, gold, and silver, m^ih found to bo 
2 X 10“^ to 6 X JO ^ cm. 

Tho smallest particle capable of being detected under the*inost* favour¬ 
able conditions (bright sunlight) in the ultra-microscopo has a diameter of 
4 X 10 '" mm. lil^comparisoa witii this, tho ftillowrtig molecular dianit'ters cal- 
culat»l*on tho basis of the«kiDctio th ;ory furnish an interesting comparison' 


Chloroform ^ ^ 

Ethyl aleoliol 
Carbon dit)x1dc . 
Hydrogen . 


, 0 § X 10“' mm. 
. 0 4 X 10 " „ 

. {!r28xl0'" „ 

. 01 xlO-" „ 


^ For other methods see V. Henri, Trans*. Faraday For., 1913, 9>*47. 

® Bechhold. Zeitsek. physikal. 1907, 6o, 2.'>7. * 

, ’ * An earlier process usdl for a similar puijiosc by PiolJbn and Linder consisted*in 
fUtoring the liquid through jiorotis clay cells. 

* Burton, P4*L Mag-, lOOd, [vi.], ii, 425. 
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The raii^'O of vision of tl)C oiYiinarj^ inicrosc't)pe is limited to‘‘particles 
of sizes ranjjinji from 400^ 10“*'’ to t'OO x 10 ^' nini. 

It' is possiitlo to obtain some idea of the size of colloidal particles 
by a study of the freezin^^-points and of the osmotic prossures exerted by 
colloidal solutions. From frt‘<'zii)<^point determinations it has boon calcu¬ 
lated that the nioleeiilar weight of ferricJjydroxide ranges from -lOO^to 
5400 in solutions containing from 2'C to F16 per cent, of colloid; whilst 
silicic acid yields an even higher result for its molecular weight. The 
practical dilliculty in carrying out these experunents, however, lies.in 
the oxtrciee sirjaUnoss of tlic observed osmotic pressure and. freezing- 
point depression, in consejpience of which small orn^irs duo to the presence 
of traces of impurity exert an unduly large eiTect upon the accuracy of 
the results.^ 

The Motion of Colloid Particles. The Brownian Movement. 

—In 1827 llolxu't llrowr., a botanist, observed that minute particles 
exhibit a peculiar vibratory motion when suspended in a iKpiid. This 
Brownian movement, us it is called, is cliaractm'istic of colloidal solutions 
and can bo readily observed by means of the nltra-mieroscope. The move¬ 
ment is slow,’persistent, and irregular, as is well seen }*y photograjihing the 
movements on a cinematograph film;^ it is independent of, such conditions 
as vibration, intensity of illumination aial convection'currents; and seems 
to depend only on the size of the iiarticles and upon the temperature and 
vi.scoSity of the fluid in wlii(4i they arc suspended.''^ 

It was suggested by AVieuor and others that the Ib'OW'uian movements 
arc to be attributed to the molecular motion of the tluids, of wbicli tlio 
particles thus act as indicators. This suggestion was dc'veloped by Einstein^ 
into a mathematical tlieory, capable of ex})enmental verifteation witlioiit refer¬ 
ence to the actual, veb'cilies of ihe partieb's. Tlic correctness of tlie theory 
has been striltingly demon.slliiled by the experimeiils of Perrin upon suspeih 
sion.s of, gambogc'^ind mastic‘-in water, glycerol, and aqueous Milutions of 
su^Mse, urea, aud gl^^'cnd; and by the subse<|iH‘nt work of Millikan, Sved- 
berg, Seelis, Noidlund, and others.^’ 

Tlie study of Jlrowuian moxcmient is therefore of great theoretical import- 
aiice. Nob oii)y does it .an’ord most striking evidence of tlq; reality of 
molecules, but it enables the value of Avogadro’s Constant, i.e. the 
number of moleeules (N) ])re.sent in a. gram-molecule of gas, to be deter¬ 
mined. The evaluation of this constant has been eft'ectcfl by Perrin in four 


* See OI;i(lst'U)c ainl IIilib''t't, /'hi/ M'nj., 1SS9, fv.], 28 . 88 . Lillie, Aiiicr. J. J'hiisiol., 

1907, 20 , l‘-'7 , AloMio Hiul lld.’f, L'unrh'iii. J , I 8 OH, 2 , 34; riUtcb.ugcr, Awer. J. Sd.f 
1892. [m 1 43 '^ .0 

^ V. Jleiii-i. Vompt. rnhi., 1908, 146 1021 ; 147 , G2, 

* WioiKT, P'"/'/. Aiiiutlni, 18C3, i;8, 79; .b witb, Proc. MtHichrdn Lit. Phil. Soe., 

J869, 9 , 75; Chem Ac'r^, 1871, 21 , GG , (Joiiy. ile/^’ltiisbjnc, 188 s, 7 , fiOl. * * 

* Knisteiii, Ann I'hpiol., I'.'O.'*, [iv.], 17 , fi-lti; lOOG, [n.J, 19 287, 371 ; 1907, 
[iv.], 22, aG9 ; SDioiiK'liu\V 5 .ki, ibid'., 190G, [iv.], 21 , 70G ; L.i,iJg(‘\ui, (Jowpt. rend , 1908, 

146 . 3 r.o. 

I’erriii, Ceenpt. rend., 1908, 146 . 907 ; «?90S, 147 , 47r); 1909, 149 . 475, 530; 1911, 
* 152 , 1380, 1.5G9 , Ann. Chmi 1‘lnif , 1909, [Mii.J, l 8 . ,0. (A triuislatloii. by b'xldy, of tho 
memoir 111 the Annaln has been piiMishwl iy Tayha- h hraix i.'!, I910J', Sliaxly and Eniiys- 
Roherts, ProCA J\oy.<. 1914, A, 89 , .544; Millikan, Phijsikal. 'AntsAi., 1913, 14 , 796 ;' 

Svydberg llnd Iinuiye, At'hv (V<m. Min. (!eol., 1911, 4 , No. 19 ; Swdis, Zeitsch. physikaL 
Clum , 1914, 86 , G82 ; Nonilund, xhtd., 1914, 87 , 40 ;,-Iljiii, ibid., 1914, 87 , 866 ; Svedberg, 
Du Exidenz dfr Mo/ekule [hd^zxg, 1912). ^ 
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distinct ways, each based Ajpon the tli^ory of the Brownian movement. The 
results, wliicli were closely conoordanl, * 11(1 iiv good iigrceniont with tlio 
values derived from totally dill’ereut tlieoretiraJ eonsiderjUion.s, load to ^he 
conclusion that N — TO'f) x 10". Otiior obsorveis liave oblainet| the followhig 
results for N : Millikan, 60 0x10-- ; .Svedlierg and Iiiou^', 62 0x10*^; 
St^clis, 7:^xl0-“ j Nurdluud, 5^1x10-'. ^ 

' The Electrical Properties of Colloidal Solutions. Cataphoresis. 
Precipitation or Coagulation of Colloids.— If a gla.^s tube al^out 
3Q cm. ill Icuglii bo into the shapi' •f a V, lilKni with a colloidal 
solution of arheiiimia suliihide and a current at 60 volts be .pa-ssed fioj^i 
plalmuni electrodes ^hroiigh the solution, in the euurso^of an liour the 
liquid round the ne^^ative pi^lc will bo Foiiiul quite elcar and tlic clear space 
will gradually extend down the tul»o as lime el.apses. The arseiiiuu.s sqj- 
phide is found dejiosited on the positive pole. Kvidcnily the colloidal 
arsonioiis .sulphide particles must be nog.itivcly t4ectrilied. 'Phis plienonionon, 
wliich is called eitlicr “electrical osmose” or “ cataphoresis,,’was found by 
Picton and lander* to be of general oecurrcnce, some colloids being nega¬ 
tively, others [lositivcly electrilied. The following table gives the electricttl 
character of a number of colloids suspended in water:— * 


Elfxir^-routive. 
Ferric Hydro.sido. 
(Ihrominm Hydroxide. 
BismuU). 
f;ea(l. 

Zinc. 


El(’dro-Nf<ji(tn'e. 
Arscnioiis ISulphidc. 
Antimony Sulphide, 
llatinuni. 


The polarity depends not only on the disperse pha^o, l^ut also on the dis¬ 
perse niedium. Thus, the metallic liydnl.Mdes and .silicic .aci«i are charged 
positively wlieti in water, but negatively in t#irpeutiiie. • 

The fact that the colloidal partichcs carry deliniUi char<|jes is strikingly 
brought out in tlie slii^ly of thi'ir jirccipitation or coagulntion, which can bo 
brought about by tin; atMition of viuy small <juaiititicN yf elect rolyk-*, fn 
the following table, {ireparcd*by Knuindlidi,- Uie minimmn coiiccntrations 
of various^all solutions lequircd to pn)duce complete coagulation of As,Sg 
after two hours are recorded, tlie coiicciitralmns being exjuvs-sed in gfum- 
inolcciiles per litre of solution, e.\*ocpt for K.,>S(.b, II.,S()^, and t>,(iS()j}j,. 


EleoLrulyte. 

t Ct'iicenlMlioii. 

ElccLnilyle. 

• • 

- _ • .. 

Cimcrntralioii. 

’ LiCl 

* • o-osir. 

CiiCl., . 

O-OOu'.iOf) 

NaC! . . 

0 -()Tl 2 



KCl 

. 

lti< I., . 

() oilii'.lii* 

HfoSO, . 

o-ooio 

ZiiCl, . 

0 0009(1 

NH/;i 

» • (l-o.wi 

AlC], •. 

0-00013 

Hg 

, O0J20 . 

.\ 1 (N 0 . 1 .. . 

O-OaOH 

. . 

i 0-0120 ^ 

.pr/.Siq), . 

0 

JlKt-'l, . 

I D'OOIO 

tliiS'd,,!, . . 

0 00013 • 

• 4 


* Pii'ton uiid Linder. 7V(Oi»i. Chem iW,, 180Li, Ci. I4S; 1807,71, 5G8. 

* Freiuidlich, Zatsek. yhijUkal. Vhcni., 1908, 44 , ItiO. 





T-heso figures dearly prove what Schulze' had previously %UBd, that 
-the precipitating cfiect or.) a lujgatfvely..charged colloid is deperident on. 
anfl increases with the valency of the positive ion; also, that the pre¬ 
cipitating agents which yield the greatest concentrations of ions at a given" 
dilution are most effective, so that the mineral acids have a much greater 
precipitating power than the organic ac^ds. In analytical chemistry 
the formation of colloidal solutions of arsonious and antimony sulphlSes 
is prevented by passing hydrogen snlpliide into solution.s acidified with 
hydrogen chloride f ^ 

, While the precipitation of the negatively cliarged colloid is dependent on 
the positive iop of the added eleclrolytc, the positively clmrged colloid, 
as might ho expected, is influenced mainly by,,the vatency of the negative 
ipn,® as the following figures for ferric hydroxide show :— 


Electrolyte. 

CiuiciMitration, 

Klectrolyle. 

Concentration. 

NaOl , 

0-00925 

K.SO, . 

0'00020 

iiw;i. 

■00964 

MgSO, . . . 

•00022 

KNO, . 

•0119 

K./Jr,!).. 

U-U0019 


•0110 



Hero the divalent negative ions are much more effective ^han the monovalent. 

Finally, as might be presumed possible, two oppositely charged colloids 
can precipitate one another. '’J'his was proved ))y Who showed that 

arsonious 8ul{)hide is precipitated by tins addition of ferric hydroxide 
hydrosol, the prei^ipit^te or gel containing both substances since the electrical 
charge of eaoh is neutralised by th.it of the otlu'r. 

From what hew been said,«, it will appear that a colloiilal solution 
suspension onlv remains as such so long as the partich's are'electrically 
charged. 

Adsorptive power of Colloids. —When a colloid is precipitated from 
ita solution or suspjmsion by an electrolyte, t'.io precipitate always contains 
a definite amount of the ion to the sp(*ciHc influence of which prt^cipitation is 
du<i, the quantity retained being ju’oportional to th(‘ e<[uivalent of the ion. 
Thus, Whitney and Ohor ^ found tliat the procijiitato obtained by the action 
of barium chloride solution on arsonious sulphide sol had the coinjiosition 
90As„s;, f ITii, tlie barium being present as liydruxido. Wlien this precipi¬ 
tate in turn was washed with calcium or strontium salts, the barium w'as 
replaced by eipiivalcnt qiutntitie'ft of these metals. As the Qoagulum contains 
the positive ion, which cannot he removed by washing with water, thediqiud 

• becomes acid in o»haractcr qnd the acidity ran be detprmined by titration.' 

,The iihefiomenon, which was first noticed in d^lloids by Linder and Pieton,^ .is 
known q,s adso}y>tto7i, and in character is very similar to the adsorption of 
^ases by charcoal (see Chap. 111.). For any given substance, the extent of 

* 1 ScHiilze, J. prM Ckevi., 23 ; 431 ; 18S3, 27 , 320. 

“ Hutdy, Zeitsch. phtjaikal. Chem.^ 1900, 35) 

» W. piltA hcr \ 1*904, 37 . lOfi.'i. 

* Whitney and Ober, ./. timer. Chem. Soc. 1901, 23 , 842; Ztitsch- physikal. Chtm.t 
1902, 39 , 630. ■ e ‘ 

,, * Lindov and Picton, Trans, Ckem, Hoc., 1896, 67 , 63. 
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adsorpt.'on^a conncctedTwith the coiicontration of the precipitatiirg oiecfcroi^ti 
1)y tlio following fornuila:— 

where and denote the concontratioiis of the electrolyte in«Jlie precipitated 
cr]loid and the solution respectively; /:?andjoarc constants, to bo determiued 
by experiment, for any given temperature. ' • 

Differences between Organic and Inorganic CoUoids.-^Tho 
properties of colloids \’iiliich have been (h^sefibod above are mainly those Of- 
inorganic colloids. Organic colloids diller in several respects nnd aroclO|er' 
in character to tri^etsolutions than are inorganic sols, 'ijliey usually show' 
the Tyndall elVect, and viaible particles may gimerally be seen through the 
ultra-microscope. They do not, as a rule, siiou an\ electrical clmraeter 
are only precipitated by the addition of large quantities of electrolytes ; but 
many of them acipiiro a charge in the presctice of a small quantity of an' 
acid or an alkali. They wdl tlien move in an electric fiejd, and undergo', 
precipitation by electrolytes like lh(( colloidal sus])ension8 {i.e. inorganic 
colloids).^ ^gaiu, an organic colloid with water gives a mixturo which is 
viscous and can become gelatinous (eoiiverted to a jelly, aS with gelatine), 
whilst inorgaitio coljoids (suspensions) are not viscous and do not gelatinise. 
Since also these organic colloids give colloidal solutions by mere contact 
with water, they <arc callcfl reversible colloids^ whereas tlie inorganic colloids 
are irreversible, since they cannot, after precipitation, be directly cohvorted 
ag.ain into cc)Uoi<’ftif solutions b}' the same means. 

Tliose colloidal solutions wliicli are characterised by tho definite electrical 
charge the disperse phase assumes, by tlieir easy coagulatioi^ by electrolytes, 
their comparative rarity in Mature, and by the general necessity of first:? 
producing a certain degree of artilicial subdivision bWorefthey can be formed, 
are sometimes termed solutions of lyuphohiiC colloids. Mi general, the 
inorganii^ colloids are lyophobic. The oth^r colloidal H<flution.s, characterised 
by lack of definite electrical charge on tlie disperse? phase*hy a widc’i-an^e 
of stability in tho •presence of cIc!ctroly(es, by the freijueney of thoir 
occurrence in Natui?:, and Ijy the facility witli whicl* th« dispiu’sc ph^so goes 
sponbaiieeualy into colloidal solution, are calIcd*s<)]iitioi>s e)liyophyUtcaoWhidn, 
In general, the organic colloids belong to this class. 

Importance of Colloidal Chemistry.— A study of tiie colloidar state 
is of impurtanco both from llie tlieoretical and practical standpoint in 
chemistry. It ha.s afforded convincing evidence of tlio reality of^molecules 
and provided evidence of the correctness of the assumptions made in the 
Kinetic Thcosy. It ns not very easy, to dilTercntiatc sliarply between- 
^ solutions of olystalloids or true solutions, or colloidal solutions or sus¬ 
pensions, any difierence*being one of degree only. Thus, ordinary colloidal 
.particles can be I’emoved fuim solution by^the liechtiold filters; colloids-,^ 
both organic and inorganic, can be retained by parcliment* dialysewp 
whilst, finally, one i»uy regard the molecules of a crystalloid such as 
sodium* chloride or sucrose as fiUered or retained by a membrane of 
copper ferrocyanide. * . o 

From the practical standpoint, llic pfoiierties of colloids are of rtnportancev 
in connection with medicinal prepnratious, glass au(J parthenwSfA 


• * Hardy, loc. cii. 
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faoturo, and'dyc’inji processes; also in explaining the* action of sp&ps* and 
tho setting and hardening 0 /dements, (jtc. * 

, <• ' 

' .SpKCIKIC HiDATS of l^IiKMKNTS AN'O CoMrOUNDS. 

Introduct(?ry.~Tlie hmt miKu'lUi ((J) of a body is the amount of heat 
I’oquirod to raise its kqnperature one degree cwitigrade. If tho absoi‘ption>ff 
I{ units of lio.it raises the tenipcrature from to tlic mean heat capacity 
(C„)‘‘of tlie body between aixl is given by 



The specific heal ((^) of a substance is the Iioac capacity ot the unit of 
in^ss, i.e. tlio amount of heat ve((iiired to raise the temjiorature <*f oik; gram 
of the substance throngli one degree centigrade. When the specific lieat of 
a substance at is referred ‘to, it is understood to m(?an the heat absorbed 
by one gram between (^-O'S)” and (^ + 0'5)". Tiiis is an important point, 
since the specific heat of a substance varies M'ith tho Icinjieraturc. Tho w/.ma 
specific heat ((^,^) of a body of mass vi over the range to obviously 
given by the expression 

= . 
m m,{t,,~f^) 

The atoiaic heat of an clem(?nt is the product of its atomic weight and 
specific lieat. Similarly, the moiendar heat of a suhstaft(>', eh'mciitary or 
compound, is tho product of its molecular weight and specjliit heat. 

The C.(« S. of heat, in tertas of which speeifK; heats are expressed, is 
i\\<i gram-calorie, {cal.), D\- the amount of heat required bj raise the tempera¬ 
ture of one gram oli-wjif.er through one degree centigrade. Sometimes tho 
gram-calorie at*15* 0. is cliose.u, sometimes that at 20* (’, and at other times 
the moan gram-calonc between 0 C. and 100* C. is ado[)ted. These units 
diftec-from one ii* )ther,'‘hut only very slightly. 

Since, then, water is the standard sid)stance, it is inf^iortant to determine, 
with tliT' utmost accuracy, the variation of its spyyific heili witii tho tempera¬ 
ture?. Tliis pVobl^m h*as been‘attacked by numerous iiivesligstoi;.> ;^liie most 
trustvyurtliy results are probably those of Callendar and I’.iriies,- and of 
Callendar.'* According to the last-named iuvoptigator, tlie formula 

Q = 00853() 0-501/(^ -f 20) -f- O-0000H4( -|- O-OOOOOOOii^ 

♦ ' 

satisfactorily rejirescnts the .specific heal of water, in terms of the calorie at 
20", at all temperatures b{!tweei\ 0* and 100*, and yields Results in close 
agreement with those obtained by (Jalleiidar and Barnes.^ Tiiesu are ^jyen 
in the ac(;ompanying table. Tlie unit emph>yod is tiVe calorie at 20".'' « 

See SjiiViig, Pall. Acad. roy. Behj., UiOJ), p, Is?; 1th:. Irar. chiDi,, 1909, 28, 424 ; 
Pull. Poc. chiin. iidg., 1910, 24, 17 ; ana Marlin, preens. Vkcia. Soe., 1914, 105, 

957. 

“ Oalleiiclar and Barnes, ridl. Trana., 1902, A, 194, 55, M9. ® 

, * Callendur, PKil. Tians., 1912, A, 2I2, 1 ; I'roc. Jloi/. Soc., 1912, A, 86, 25{. 

* Oallenttar and Barnes, loc. n't, , a)<.d “'v^alnrnncti-y " in Kuryrlupxdig, Urdamua. 

** For ot1i<*r mvcstig.ilions s('o Birtoli and Sl^acciati, Piciblaller, 1891, 15 , 7()1 ; 1898, 
17, 642, !UJ3; Loll., menu. dc-lT Arc 1891, 18, Ajnnl 26; (iiiilithg, Phil. 

Mag., 1895, (v.), 40, 4 51 . LueJm, Pi^crtalion, Zuiicji, 1895; Howland, Vroe. }p)y. Soc., 
J897, 6 i, 479 ; W. K. Bouslidd and W. E. Bou.sfield, P/dl. Trans., 1911, A, 211 , 199. 
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st’E.CIFIC HEAT OF WATER. 


... 



• 

• 

' 


Q. 

i\ 

Q. 

t:’. 

‘i' . 

0 

1 0004 

16 

1 -0009 

•to 

* 0 9!IS2 

« 1 

1 OO?.', 

1 > 

1-0007 

4'' 

0 9984 

2 

1 ooyo 

18 

1 0004 

r.o 

0 9987 

3 

1 0068 

19 

! 0002 

fi.’i 

0-9993 « 

4 

1 -oooo 

20 

I'OOIM 

0 91"'* 

60 

1 -0000 

5 

) OO.'il • 

21 

60 

1 0008 

6 

} IIII4S 

22 

0-9997 

70 

1-()010 * 

7 

8 

1-0012 • 
iMO.i! 

23 
t 2 i 

0-!'99:i 

0 9"91 

70 ^ 

80 

1 0024 

1 0033 

9 

1 0032 

2 .'> 

0 9992 

80 

1-0043 

10 

1 •(II'27 

26 

0 991'] 

90 

1 -0003 • 

11 

1 

27 

0-99' 0 

90 

1 OOG3 

12 

1 -00-20 

28 

0 9989 • 

100 

1 -0074 

13 

1 -0017 

29 

0-99.S,S 



14 

1-OOM 

oO 

0 9987 



ir. 

1-0011 

• 

.3;') 

0-9983 




Thus the a^raiii-caloru! al 15’ is (ajiial to TOOl 1 urain-calorics at 20”, and 
the riusati ^oaiii-calorio belwt'eu 0" and U)0“ is eijual to l OOlh ^rain-calories 
at 20". 

The huat iinp.avted to a sulistaiico may bo utilised in tlnve \va\s.—> 

1. Ill iiJcreasiMi* the kinetic energy of translation of the moleiailos, i.e. 

in raisin;' tho toin{)Criitui'o {(^>,) 

2. In perfunniu;; work a^'ainst external pressure consequent upon 

expansion (Q;,)- * 

.T In overcoiuing the mutual attraction of the mo^icul^'s 
Hence * 

The (juantity Q,i dcjierids upon several lactors- such as flissi>ciatiou,« the 
breaking; down of associatcl molecules, the overcomin,u of cohesive^ forces' 
duriij^Lr chaip'o of state, el(X* the thermal cIlecLs ftf \fliicii, hein;' closely 
connected,*ai*e conveniently ^rou[)cd lo;;vtlier * • * 

It is clear that Q will only reiiiam constant with ri.so of temjierature^hotl 
an<l aic very small In «icli an event 


Q — Qt (u])proximately), 


and may bo tiuancd the frue .yurijir //cat. 

For solids and Ii(jui(l5 is ne;,di;'ihle o*viny; their coioparatively smalt 
coeltiiJionts of ox*paiiSKm, ^ind 

. + ^ 

According to Solmeki^’ is Tiegli;;il>lo for elements tho molecules pf 
wliicii are iimnatomic, /or example, most i^ietals. h'or coni])lex jnoleoiiles, 
however^ Q„ may bo a very varying <|uaiitity, and tho gradual fall of thO’ 
specific heat of WH|.er until 40° (tds reached, and the .suhsopient rise fn 
the same as that temperature is c\ceejt‘d,,iiiay probably be explained iti 
this way. * 


* doluicko,^lTit'rf. Anna/m, 11^98, ^6 111. 
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■ AS a g<4ierftl rale, for solirts and liquiJs at teinpcraturetv, above ^4 
oitlinarj, Q is approximately a linear function of *tho tcniperaturo. 'it may 
be represented over a liinito^l rang#^ by an empirical formula of the type — 

' Q-~a + ^t + yt-, 

whore fi is vcrj^sinall (in general) and y is extremely smalld With lithium, 
aluminium, and one or two olher inetals thq. values of ft arc cousidei‘a\i?c. 
The variation in the specific heat of a metal witli the temperature between 
0* atid 100" is for many purposes negligible. 

In tlic accompanying tal)le< will bo found the siean specific heats and 
atomic heats of the solid and liquid elements (over the teinpe^'ature intervals 
given in the 8eoo;\d cohinm). < 


table of specific and atomic heats of the ELEMENTS.3 


Element. 

Tomjfei.iture 

Interval. 

Me.iti 

Sjjccific 

lleat. 

Atomic 

Welglit. 

Mean 

Atomic 

lleat. 

Aluminium* , , . . 

'C 

If) to 

100 

0’2122 

27*1 

6-76 

Antimony. 

0 to 

100 

0 0195 

120-2 

6-95 

Arsenic {eryst) . . . . 

2i to 

68 

0-0830 

75 0 

6-23 

’ ptinoijth.) 

Barium ... 

2! to 

G5 

0*07;')8 

75 0 

5-70 

- IS.') to 

20 

O-OG^'O 

. ,337-4 

9 34 

Bismuth. 

9 to 

102 

0-0298 

208-0 

6 24 

Boron (cryst.) ‘ .... 

0 to 

mo 

0 2.5 IS 

11 0 

2-77 

,, (amorph } , 

Bromine (solid) .... 

* 0 to 

100 

0'30t)6 

11-0 

3-37 

- 78 to 

-20 

0-0843 

79-9 

6 73 

,, (U<iuid) ( • • 

Cadmium • • • • 

13 to 

45 

0-1071 

79 9 

8-56 

'0 to 

100 

0 0.548 

102-1 

5-63 

Cfe.sium . . . . ; 

0 


O-Of.22 

liJ'8 

6-93 

Calcium ..'... 

' 0 to 

100 

0-l49(! 

40-1 

‘ 5-98 

Cni'bon (wood chap-oal) * . 

0 to 

99 

0 193.5 

12-0 

2-33 

(grapliilo)' 

19 to 

1010 

0 3100„ 

12*0 

3-72 

,, (diamond)* 

Cerium . 

IS to 

1040 

0-3GG0 , 

12-0 

4-39 

0 to 

100 

r 0-04.50 

140-3 

6-31 

Clhorme (liqidd) . a • ■; 

0 to 

24 

0 22G2 

35- 5 » 

■ 8 02 

Chromium. 

2-> to 

f)l 

0 1000 

52-0 

5-20 

Coba'It. 

lo to 

100 

0-1030 

59-0 

6-08 

Copper* . , , . 

15 to 

238 

0 09.5] 

63-6 

G-05 

Gallium (solid) .... 

12 to 

23 

0 0790 

69-9 

6-52 

Gcnnanium . - ... 

0 to 

100 

O-0737 

72-5 

r, 34 

Glueiinini *. 

0 to 

100 

0 4246 

9-1 

3-87 

. Gold . .... 

- 0 to 

100 

00.316 

197-2 

t-a ■ 

Indium . . . . 

' Oto 

100 

0-0570 

iia-8 

6-64 


1 q 'le, M' 1 ) 1 . conrnimiA Jeod. roi/, Belg., 18r»r*, 27 , f.i.]» b 
»*77 ^ Evans, Physico-Chmical Tables, vol. i. p. 183 (Griffin k Co, 1902), gives a 
£Ull. Otw. 0 /..^ specific heavs of elements, and f&r Vuither details of these the 

* a r* 11 A to his comprehensive work. Sco also Landolt-Bonistein, Ph^sikalisch' 
3 B^'rlin, 3rd ed., 1913 ; PhysKcal and Chcmkal Qmstanis, by Kaye and 

^ r bXi’fiod h T. W. Richards and F. G. Jaek-son physiTcal. 

6 ^ detcrminca the specific and atomic heats of many elements at 

1*7 excellent Rummaryof eavlier work. H. Schimplf [Zeitsch.' 

“issd' fr. \ a<i "^ 7 ) aovers somewhat similar gi-ound. 

Mag,, 189o, (v.). 40 , til. /- v ,, rg, ® 

1897, 61 , 479 ; W. K. bouslield 3*. , 


^ See p. C 
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TABLE OF SPEQIFIC AND ATOMIC HEATS OF THE 


ELE M TS— ii/HCf/. • 


Element. 


Temperature 

Interval. 

Mean 

Specific 

Heat. 

Atwuac 

Wci^it. 

Moan 

Atomic 

Heat. 

% 


• 


• 





"C. 




. 

Iodine (solid) 

ft 

0 to 

98 • 

0-0.511 

1-26-9 

6-86 

Iridium 


0 to 

100 

0 0323 

193-1 

6-24 

Iron . . . 


V.i) to 

100 

0-1190 

55-8 

6-64 • 

haiithanum. 


Oto 

100 

0-0449 

IflTO 

6-24 

head ^. 

• 

ISto 

100 

0-0310 

207-1 

6-41 

Lithium 


0 to 

lUO 

0-9102 

6 9 

6 28 ^ 

Magnesium . 


18 to 

99 

0--2460 

24-3 

6-98 

Maiiganeso . 


14 to 

97 

*0-1217 

54-9 

6-68 

Mercury (solid) . 


-78 l<> 

•• to 

0-0319 

200-6 

6-40 

„ (Injuid) . 

Molybdenum 


•20 to 

50 

0-0331 

200-6 

6-64 


15 to 

91 

0-0723 

96-0 

6-94 

Nickel.... 


13 to 

100 

0-1090 

58-7 

6-40 

Nitrogen (liquffl). 


- ‘J08 to - 

196 

0 4300 

1440 

6 02 

O.smium 


18 to 

98 

0 0311 

190-9 

5-94 

Oxygen (liquid) *. « 


- 200 to - 

1.S3 

0-3170 

16-0 

6-56 

Paliadium 


18 to 

100 

0 0.590 

106 7 

6-30 

Phosphorus (yellow) 


13 to 

tra 

0-2020 

31-0 

6-26 

,, (red) , 

Platimnn 


If. to 

98 

0*1698 

31-0 

6»26 


0 to 

100 

0-0323 

195-2 

6-31 

J'otussuuu'^ 


0 


0-1728 

39-1 

6-76 

Rhodium 


10 to 

97 

0-0580 

102*9 

5-97 

Rubidium^ 


0 

• 

0 O.V 02 

85 45 

6-85 

Kutheniuin 


0 to 

100 

0 -nfiIl 

lOt'7 

6-21 

Selenium (cryst.). 


22 to 

C2 

0-0840 

79-2 

6 - 6.6 ' 

,, (uriiorpli 

Silicon (ciyst.)"* . 


18 to 

• 28 

0 Oils# 

• 79-2 

7-55 


129 


,0-19(51 

23 *J 

5-56 

Silver^ «. 


17 to 

50^ 

0-0590 

• 107-9 

6-46 

Swlium* 


0 


0-2824 

23 *0 

6 51 

Sulphur (rhondiic) 


17 lo 

45 

0-1630 


5-2^ 

Tantalum . * 


- IS.'l to 

20 

0 0326 

181-5 

5-92 

Telliiiiimi (cryst.) * 


IS lo 

100 

0 om 

• 127-5 

(fill 

Thalluini ,. , • 


20 to 

100 

•0 0326 . 

2y4-0 • 

« 65 • 

Thnrimn 

. . 

0 to 

100 

0-0276 

232-4 

6-41 

Tin (cast) 


0 to 

100 

0 0559 

119 0 

6-66 

Titanium 


• 0 to 

100 

0-1125 

48-1 

6-41 

Tungsten 

. 

1.5 to 

93 

0-0310 

ist-o 

6-26 

Uranium 

. 

0 to 

98 

0-0280 

238 5 

. 6-68 

Vanadium 


0 to 

100 

0-1153 

61-0 

• 5-88 

Zinc .... 


20 to 

100 

0*0931 

65-4 

6 08 

Zirconium •. 

^ • 


0 to 

ido 

^■0660 

90 6 

5 98 

•t 

• — 

. _ 

_ _ 

_ 


5 


* Dulong and Petit’s La\*p. -in 1819 Duftnfj; ajid ^ drow^nttention 

to the fact that tho product of^ the atomic wciglit and specilic heat for the 
majority of tho solid eioiBents thtnt k!io\vn«\vas constant—in otlmr words, 
that the* atoms have tlie same ca])acity for licat. From tho data in the 

’ A. Mttcmis, yim. Physik, 10]0,*(iv.)i 31 , 597. 

* Keiigacle, Compt. rend., idU, 156 , 1897. 

® K. Griffiths, Proc, Hoy. Soc., 1914, A, 89 , 1914. 

* See p. 90. • 

® Dulongand Petit,-^jm. Vhim. Phys., 1819, [ii.], 10 , 395. 
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preceding 'able (pp. 88'and 89) the general appWcability of ^ulpng and 
Petit’s Law will bo a})|)ar^ont. , * 

Leaving out of consideration t^iose (‘lements which arc gaseous at ordinary 
jbepiperatures, it will be observed that the atomic heats of the chunonts do 
not vary ymatl// from tfie mean value 6-4. Tliero are, however, a few notable 
oxceptioijs, naificly, boron, carbon, glui-iiiiim, and silicon. In 1872 Weber^ 
showed that the specific heats of boron, silicon, and carbon pos.sess <*ib- 
normaily large teinpurature-coulliiacnts, and that at high temperatures the 
atofnic heats of these eloinents approximate to the mean value found for 
tho other elements, althoiiuh^a sulliciently high itemperature was never 
stained at which the atomic heats actually laji'anic G'l. A of lus results 
are given in thvfollowing table:— 


r THE ATOMIC HEATS OF CARBON, SILICON, AND BORON 

AT DIFFERENT TEMPERATURES. 

« 


Diomoiid. ' 

Urajilate. 


Sthcon 


IXifoii 2 


Tflmp 

Speriflc 


Tcinp 

''JH'l llif 

Atoiim’ 

Temp. 

SprciHc 

Atmiiic 

Temp.'- 

SjK'Clllc 

Atomic 

’C. 

lluiit. 

UtMt 

"C. 

IlfJU. 

Ueut. 

"C 

Heat. 

Jleat. 

•0. 

Kent 

Heat. 

-60-5 

0-064 

0 76 

^5)0-.3 

0 114 

1-37 

-30 -8 

0-136 

3-81 

-39-6 

0 192 

2-11 

+ 107 

0-113 

v:>r> 

-1-10 8 

0-160 

1-U2 

i 21-6 

0-170 

4 75 

+ 26-6 

0 2J8 

2-62 

86-S 

0-177 

2-11 

138 5 

0"J.'4 

3-0.5 

86 0 

0 190 

5 32 

767 

0-274 

3-01 

206 

0-273 

3-28 

21!) 

0-325 

3-00 

129 

0 106 

5 .50« 

e 126 

0 307 

3-38 

BIS 

0-444 


610 

0 450 

r>--n 

184 

0-201 

5 63 

]77 

0 338 

3-63 

' 987 

0-462 

5-55 

f 

!)82 

0-460 

5 6i 

1 

232 

0 203 

5-68 

233 

0 366 

1 -33 


Weber thercfoir^ sirggested that, for the purpose of apj)I_ying Dnlong and 
Petit’s Law, tiro values for thn specilic heals of the elenuMits siiould he taken • 
at those temperatmVs at whieli they increase most slowly. «• 

yiiirtoeii ye:r-.s lator^, KmN[)idg(!^ delerinined the specilic heat of gluciuuin 
at varioii.s Uanperatures and shoued that at oDO' fl. tlic value remained 
nearly* constant. Kis wesults are eiulxxlied iiy. tlie following table :—^ 

« THE ATOMIC HEATS OF GLUCINUM AT DIFFERENT 
TEMPERATURES. 


TempiT.iLiiros. 

“ C. 

Heat 

Atomic Heat 

0 

0 3756 

3-42 

lOo 

0 4702 

4-28 

^ 200 ( 

0 5420 

4-93 • 

31 lO 

0 5910 

c 5-38 

400 

0 6172 

5-61 

500 

' 0-6206 

• (T'05 


* ^ WebA-. I'hil. Maij.y 1872, [iv.}» 49 ,v]<)l, and 270. C(im|>.n« Tildi:n, Trans. Che 
Soc.y 1905,■• 87 , 551. ® Tlii'^wuh rcall/a iioriib- of aliiniiiiiuni. See Vd. IV. 

® Ihirni'^dgef'Pm.‘‘/&y Soc , 1885, 38 , 1<S8 ; 1885, 39 , 1. 

* This table is coiidejisod frtjm Mies Krouiid, The iilialy of Chemical Oo up' span, p 3 
(Camb, Univ, Press). • 






UJSNBRAL PR<|PBRT1ES OF ELEMENTS AND 


compou5w*^« 


n 


It accoi*(^ngly appeaw that if the temperature at which tlie spleific Iiea4 
pf these ^elements are takeft i.s sufficiency liigh, wirlmn, silicon, borou, and 
glucinum may fall into line with tlie*olher ol^hents.and conform to the Law of 
Diilonganrl Petit, altliongh as yet the value 6-4 has not been attained fp.r 
the atomic heats of any of tlumi. 

It may well be urged, liowevcr, that it is not fair to talfc the specific 
hca^g of these four elements at the iiighost attainable temperatures aiul com¬ 
pare them with those' of the otlier elements at lower tem[)eratures in order 
bo make them fall into line with an empirical law such as the one now under 
discussion ; especially singe the jv.miUs of the ijuinerous researches show that 
:he atomic hoats,of certain inetaL rise considerably above the mean value 
5‘4 when the temperature is raised. This is well illustrated ^ the following 
,ab)e:-^i 


THE SPECIFIC AND ATOMIC HEATS OF DIFFERENT METALS 
AT VARYING TEMPERAtURES. 


Absoluli- 

Ailiiiiiiiitini. 

Nu’kel 

IMatiimiii. 

TciniK’ni- 





. • 

— 

tore. 


AlnliilC 

SiicciI'k* 

Aloniio 

Spt’oilic 

Atomic 


lleut. 


Heat. 

float. 


lloat. 

300 

0 -/0.'..‘? 

r, r,2 

0-105t 

6 11 

0 -0:G1 

6 -«l 

.'■.00 

0 2-^st 

ti-41 

0 123:{ 

7-19 

0 014-1 

(i 64 

;oo 


6 cli 

i) 1 toi 

7 .',S 

0 - 0.72 

7'19 

900 



0 ia:5H 

7-«e 

U-(r?!'7 

7-67 

1600 




• 

0 <140^ 

8 91 


It would appear, therefore, lint the coursi; is to ailojit 'I'lIdon’H 

suggestion,^aid com[)nre the specific lieats (gf iRe clemcigts between 0'and 
100* and treat as irrccoiicilabte e’Cce|»1ions all elements^ that (b not conliijrm 
to the law under tliese conditions. 

It is worthy of iiote^that the atomic licals of the solal elements at coigiUnt) 
volume (A,,) sliow more regiiffiiity than do tiuk attmiii; lieaU consla«*t 
pressure b>riner may he c ih-ulalcd by utilising the relationship— 


in which T, V, a, and fi denote the absolute tcnijieraiurc, aionuc'voluflu', and 
coefficients of compressibility and expansion respectively. For tiftcen clemcnU, 
the conjprcssibili^es of which have ln'en mlMsur^l by Kiebards,- the mean 
value for the atomic heat constant volume is 5d) at 20'’ (1,, and tlu; average 
deviation only 0 09.'^. From ti*e researches of^ (jlrunuisei*^ it appears that 
tlfe preceding equation maf btrsmijdilied to 

. . . . . . (ii.) 

where k is*tho constant for the pai licujar eleineiiL. 

- ^ ^ 

* Tins tdblc is coiidoDsctl frniii Tildfii’S li'-ts, T7<itt^ ('hem Sue., Sy. 

^ Hichaids, (kirnegtc Inslitutwn, Puhlhalion, 19U7, No. 70. * • • 

® Lewis, J. Aihcr. CUcm. Soc., llte", 29 , • 

* Grunoisen, Ann. Physik, 19(i8, 26 , ^93 \ 1910, 33 , 33, 65,1239. 



Sped# c Heats at Low Temperatures.—1ft general differentes 
Noticed between the atomjp lieats boyome accentuated at temperatures below* 
0* C. Nniiieroiis expcrinnyits at^fow toinperaturos have been made by , 
TUden,^ Dewar,® Scliimpff,^ .Richards and Jackson,^ Dewar,® and particularly 
by Nernst aiyl his collaborators," who have measured specific heats at tem¬ 
peratures do\^n to the boiling-point of hydrogen. As the temperature is 
lowered, the spetfific J\eats of the elemejjts fall, rapidly at first, but afterw^^rds 
more slowly, tending towards the limit zero at the absolute zero of temperature. 
Thb accompanying table contains some of the results that have been obtained;— 


’ Silver. 

Lead. 

• • 

Coiipcr. 

Zinc. 

Ahmiiniftm 

• . 

Diamond. 

. T 

Atomic 

'r 

Atomic 

T 

Atomic 

'r 

Alotnic 

T 

Atomic 

T 

Atomic 

abs. 

Heat. 

abs. 

Heat. 

abs. 

• 

Jioiit. 

abs. 

Heat. 

abs. 

Heat. 

ubs. 

Heat 

173 

.5 46 

202 

6*23 

173 

4-98 

173 

5*32 

173 

4*54 

262 

1*14 

123 

4-97 

198 

6*27 

!23 

4-29 

123 

4*84 

123 

3 -71 

232 

0-86 

86 

4*40 

193 

6*02 

88 

3-3S 

94 

4*55 

88*3 

2-G4 

222 

0*76 

77 

4*07 

f23 

.5 89 

:!3-4 

0-.538 

85 

4-24 

86-0 

2-52 

220 

0-72 

66 

3 66 

101 

.5-7.5 

27-7 

0*324 

75 

3-95 

83*0 

2-41 

209 

0-66 

63'8 

2 90 

63 

6-(5.5 

23-5 

0 223 

64 

3-51 

35*4 

0-33 

205 

0*62 

45*4 

2-47 

36 8 

4--10 



43-7 

2-17 

32*4 

0-25 

92 

0-03 

39*1 

1*90 

28-3 

3-92 



36-3 

1-71 



88 

0*03 

36*0 

1*58 

2:10 

2-96 


... 

33-1 

1'25 

• 

• 

30 

0-00 


If the preceding values are represented graphically, it will bo seen 
(fig. 48) that ill)t only do they indicate that the specific heat of an element 
banishes when the absolute zero is reached, but also that its rate of variation 
with the temyeraftirej^viz. i/Q/iZT, vanishes also. 

According to tl^p recent rcsqjarclies of Dewar, it appears that at 50” abs* 
the iitomic heat of an ^lemcnt is a periodic function of its atomic tveight. 

•Specific /Seats and the Quantum Theory.— Specific heat measure- 
mont| at low temperatures are of great interest in connection with Einstein’s 
theory of {mecitic Veats. IJrom kirnttic consiflorations it was calculated by 
Richarz® that Iho atomic heat at constant volume of a inbmXtomic solid 
element should bo equal to 3R or calories. Rut the kinetic theory does 
not account the deviations from the l-iftw of Dulong and Petit or for the 
great variation of specific heats witli the temperature. Idanck and Einstein® 
assume^that i vibrating atom cannot take the energy continuously, but only 
discontinuomlt/^ in definite units (the so-called energy q^mita), which are for " 
each atom or vibrating sjwtem «proporLional to th*e frequency of vibration) 
i.e. the vibrating atom of mailer takes up “atolls” of energy, so t^epeak. 


^ liehm Ann. Ph'^sik, 1898, 6 d| 237. 

• * Tildcn, Phil. Trata., 1900, A, 194 , 233 ; 1903,%., 2 dl, 37. 

* J)fW*r, Pfoe. liurj. Soc., 1905, A, 76 , 32.5. , ^ 

* Scliiiiipir, Zeitsdi. physilal. them , 1910, 71 , 267. 

* Riclitirds and Jack.son, ibid., 1910, 70 , 414. 

, * Di'war, Pi^. Roy. Soe., 1913, A, 89 , isS/ • 

’ Nortist, Knref, and Lindcnmnn^ K. Akad. Wiis. BerHn, 1910,247 ; Nenwf 

ibid., 19t0, p. 2(52 ; 1911, p. 30(5 ; Ann. Phytik, 1911, (iv.), 36 , 39.5; Nernst and Linde 
mann, tiiixun^ber. K.*Akad. IViss. Berlin, 1911, }> 494 ; Koref, Ann. Physik, Ipll, (iv.) 
35 49. • ® Kicharz, Ann, Physik, 1899, (^, 702. 

« Einstein, Ann. Phy^xk, 1907, (iv.), 22 , 180; 1911, 35 , 659. 




.ORira^ piifpERTiis bp ?L»Wfris-iiny <30 




It may therl!*be calculate Uiat the atomic lieafc of a inonatoniic efcTnonC 
atoms of whiclj can only vinrato about mcH!i posiliyiis, should bo o<iiml to. 




denotes the ordinary gas constant (1*985 cals.), 1 ’ the absolute 
teuT^qirature, v the frequency of vibration of the atem, and denotes a 
universal constant (4 805 x According to this formula, the atomic 

heat of an element is ni^at the absolute zero^when dA/dT likewise vanishes, 
Witii rise of tejnporaturo. the atomic heat increases slowly, then more rapidly, 
and finally it again slowly increases towards the limit 'IR. It is possible 
to reproduce the reslilis of jipecifio heat measiircmcnls nt IW temperatures 



with considerable accura(^y means of this formula; at extremely lotf' 
temperatures, however, it gives results that are too small.• 

Einstein’s formula refers to the atomic heat of a solid at c^n.dani volumK 
At very low temperatures this value diflers inappreciably from tlTo atomic 
heat at constiwit pressure, but at ordinaj-y temperatures the dilleronce is 
quit^/approciable, and njay be caleiilated'hy nfeans of the above equatioo., 
Introducing Einstein’s formula for A„ into the equation (ii.) of p. 91, and 
♦using the values 6f k obUjJjed from Gnitiwscn’s ex[j«rimental data, it is 
found possible to reprofiuce* the observcsl values of A,, with cftnsideral^e 
accuracy for a number oi metals by ehoospig suitable values ofc f^v. The 
.agreemrtit at low temperatures is better if the modified equation 

A.= 1-5RI (^f/T)2. I 

, * * • 

!8adopted; this expression enables the specific 4cats of silver, l^d, copper^ 
and aluminium to be calculated with remarkable acenrac-v from the fpm-nara. 



u 


/Ure of liquid hydrogen to 550* ahs., and with diamond k,..v noias 

jp to 1100* ab«. ^ , 

On the assumption tlial an cfcmeiit idcUs when the amplitude of vibra- 
.ion of the atoms is e(jual to the distance hefwccn them, it can be calculated^ 
hat the frcq^.iency v is proimrtional to ^/T,/«iV^ where is tlie melting* 
foiiit, m the atomic weight, and V the atomic volume at the inoltiiig-poiiit. 
i'roin this result anib the preceding formula* for the 8peeifi(5 heat, it fonows 
hat an element may be expected to deviate from the Law of Duloug and 
’etit at ordinary temporatur(^s if it has a low aj(>mic weight and a high 
lelting-point; on the other hand, an element of low melting-poinb and higli 
tomic weight may be exj)ected to follow the law, even iit fairly low tempera- 
ares, The als.formal behaviour of boron, carbon, and sMicon thus receives an 
explanation, and also the fact that the specific heat of lead only falls otF 
alowly witlj the temperature.^ 

Determination of At^imic Weights.— For practical purposes it is 
best to assume, with Tilden, tliat Dulong and Petit’s Law represents a rough, 
empirical rule,’valid wlien the mean specific Jieats are deteruiined between 
0* and 100*, with three or four well-marked exceptions. In several cases the 
law has prove(^ very useful as a moans of fixing the atomic weights of several 
elements when thoir equival,cnt or comhinitig weiglits have Ik'kii known. 

Uranium is a case in [loint. This (dement has a tjomhiniiig weight of 
39*75; cousecjueutly its atomic weight is given by the expression 
A = 50-7.5 xV, 

where A is the atomic weiglit and V the valency. On a(;count of the supf)Osed 
resemblance of uranium to iron, tlus valeney of uranium was taken as 5, and 
hence its atomic wcdgiil as'30*75 x 3 —1 1!)-25. Mcndch'iellU however, placed 
the eleuumt in the sixtli gi-(jup of the ])criodical table along with chromium 
and sulphur. Hcfice fm oxide of 4he ftwiniila U()^ was to be c.xjieeted, and , 
therefore a valency of six. Thig meant doubling the atomic wemlit, which 
thereby became 235-5. Theijiiostion was settled in 1882 by Zimmerniann,^ 
who*round the (ifiecific fical of the elmncii); !o Ix' 0 027,^fn)m whieli, according 
to Dulong and I’etit’s Law, the appro.ximutc value of J:.he atomic weight is 
given t)y the expression*— • 

Atomic heat fi'l- _ 04 () 

Specific lioat 0*027, 

^ MendelA'll’s view’s tlius received confirmation. 


^ Nernstaad Linilfmiimi. Zei(M-h. E'dtn^chrin., 1911, 17 , 817. 

^ Lindcmami, I'hysihal. Zeitsdi., 19U), n, 609. * * 

* For fiirtlu'r discussion of laiistciii’s forimila and itn aj)j)lic,itiou to C'lmpoiuAil#, see 

Nernst, Ztutsrh Kh-drochein.y 1911, 17 , 205 ; Koonigsbeiger,*1911, 17 , 289; Msgmi-s 
and Lindcniami, lifrf .^lOlt), 16 , 26i<; and the ro(cre*.ce.s previously citctl to Nernst and 
his collaborq^ors. A new tjiiaiitiim cheory, in which f/J; (iiijjutuni juinciple apjiiies, not to* 
the 8 e[<ai'ate atoms of a body, but to tlie ebestu; waves wliich can be propagated through it, 
has been developed by Debye and by Worn and von K.'trm.in.* >t appears to bo superior to 
Einstein’s theory. Aecoiding to the new llicory, at temperatures not far removed from the 
absolute zero, tlie specific lieat of an element is ji«oporlional to the c^be of the absolute tern* 
{leraturo. (See I^byo, Ann. DiyHik, 1912jiv.], 39 , 789 ; Korn and voii Karmiin, Vhydkal. 
Zfitsch., 1312, 13 , 297 : 1913, 14 , 15^, Thnring,*du'd., 1913, 14 , 867 ; Eucken, Ber. deitt. 
jAiysikaL (fen., 1912, 15 , 571; Euoken and .Scliwers, ibid,, 1913,^ 15 , 578; Nernst and 
Lindemaun, 06 'iVj«nj/s^r. K. Ahul. IVisn. Berlin, 1912, ]>. 1160; Nernst, 1912, 
p, 117*2.) • • ' Annalrn Supplement,° 

* Zimraeimaun, Ber., 1882, 15 , 847. * 



GENEBAt* EEfPERTlES OF ELEMENTS ANO COMPOUKIpL ' 95' 

In a^siAilar iiiannef tlie atomic weights of indium, coriurl, and lan¬ 
thanum, have hceu determined.^ ^ 

Specific Heats of Compounds.-- In*!83! >ieumann - Citondod Dnlong 
and J^etit’s Law to certain groiijts of closely related compounds, us, for ex¬ 
ample, tlie carbonates of tlie alkaline earths, by drawing altcn^iiiin to the fact 
that these hodie.s exliihit tlio same molecular heats. Thi.s is ^(‘11 illustrated 
by^ie following table, in \\hud(»tiio modern values for the specilie heats and 
molecular weights of a numliei' of sulpliates are given :— 


Suhstancy;. 

Fonimlci. 

To'.iipoiatiiro. 

Speoilic 

Heat., 

Afolt-cuiar 

Woighl. 

M'JpcuIar 
Heat • 





w 


Calcium sulphate 

(JiiSOj 

l:!-9.S 

oior 

LtO-l 

26-8 

biiiium sulphate 

Iti.SOj 

10 98 

on:: 

233-4 

26 4 • 

Slronliuin sulph.ito . 

Sr.SO, 

;ii-99 

0-1 1:5 

184 7 

2ti-3 

Load siilpliato . 


20-99 

• fl-OS? 

303-2 

26*4 


Ivegnault^ extended Neumann’s ohservations, and conllinie<l the law by. 
more accurate determinations of tlie s])ccilie lu'als of metallic^oxiiles, halides, 
sulphides, carl)%nates, sulphates, and lutralo.s. 

Neumann’s hiw,*lioucver, is only of limited apjilieation, inasintieh as 
it only applies to chemically related substances. Joule^ and Woostyn® 
a few yoais later jioinled out that the molecular heats of compouirds are 
the sum of the ^ilpomie heals of the eonstitiient atoms—a generalisation 
that enables ns to eoimeet all types of c<impounds together and is 
thus as universally ap]»hcab](! as |)ulong -mid JVtit’s Law for the various 
elements. Siiici* Kopp'' did mucli to cslaidisli its tuith, th?s generalisation' 
is usually lenuefl Kopp’s Law, although it cannot li^i cli^imed that lie was' 
• its origniatoj*. •> 

It Avill*ho clear that Kopp’.s J.aw is tantamount to ,’Postulating tliat the 
atomic heats of tlio elements remain a])pio\imately»tlie saiiie wiietliur the 
latter are frtH! or comWned ; and tliut such is actually tiaie. in many cases is 
evident fi'<mi the follmving table . — ^ ^ 


•SuhstaiiCf. 

Forniiila. 

• 

S|)ecilii' Heat. 

M'lleettlar lieat 

Silver cdilondo .... 

Ag(;i 

0-091 

, 13-1 5=2 X 6*6 

Cuprous cliliiride 

Cud 

0 138 

13-ii-2x0-8 

rotassiiim chl()ti|ic , .« 

KCI 

0-173 

12’9 = 2x6*6 

Bantam iddoride • 

IW'l.. • 

• 0 090 

18 8^3x6-8 

Mt%urie iodide . ■ 


0 OfJ 

19 1--3x6-4 

Load iodide .... 

^ . __ 

0-013 

• • 

19-7 = 3x6-6 

- - ,-—4 


A- 


^ 8 oe Vol. IV. ^ N*‘iiiii.uin. Anvalrn, ISSl, 23 , 1. 

^ Kigitiiult,, Anv. Ch'm. Vhys., 1841, |iu.J, l, l’2!i, i'l'yij. Annahn^ 1841, 53 , 60 and 243* 
.rouJe, Phil Maij*, ]S4‘1, fiii.J, 25 , 3-!*. 

® Woestyii, Ann. Chvni. I'hys., Is48, [ui.], 25 , 29#. 

® Kopj), Annolcn Supplement, 1864, 1, 281'; Vroc. Uoij. Soc., 1864, 13 , *229; Thil. 

Trans., 1865, 155 , 71. See* also Tliorpn, Kopp Mnnorial Lcdflvf, floli>ere^ before the 
Choniical Society (London), Fclniiary 20, i893. Tibh ii, los. cit. ; Sclinhcl, Aeilsch. anorg 
Chew,., 1914, 87 , 81 . 
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' The 'fdllowing observations affoni further argilftients in Wroivr of tl^e^ 
fcrufcb of Kopp’s liuw: — ^ 

1, Bodies eontuiiiing equal jfl’oportiorts of those elciiiouts which do not 
conform to Dulong and Betit’s Law have <approximately equal molecular 
heats. This is evident from a consideration of the ditFerent compounds of 
joxygen and su]j)hur shown in the table below, both oxygen and sulphur possess-' 
ing abnormal atomic Jieats. The regularity here noticed is, of course, mofely 
ft special case of Neumann’s Law. 


• Substance. 

«• 

« 

Formula, 

Molecular * 
Weight 
(0-16). 

Specific 
j Heat. 

Molecular 

Heat. 

4 k}pper oxide .... 

CuO 

79*6 

0-142 

11*4 

Mercuric oxide .... 

HgO 

216*3 

0-052 

11*2 

Nickel oxide . . . . ^ 

NiO 

7-1 *7 

0-159 

11 9 

Iron sulphide .... 

J'\‘S 

87-9 

0-I3(i 

11*9 

Lead suljdiide . ♦ . 

rbs 

239-1 

0*051 

12*2 

Mercuric siilphid'' . 

- . 

UgS 

232-7 

0-051 

• 

11-9 


2. The vahies obtained for the atomic heats of abnorijial elements are the 
same (approxiinatcly) wiiether deduced from the molecular heats of their 
compounds or calculated directly from the observed specihe heats of the 
elemertts. Thus, in the table above, copper oxide (CuO) has a molecular heat 
of 11*4. Now, the specific heat of copper is 0’0l)4 at tc^ntperatures ranging 
from 20° to 100° C., so that the atomic lieat is 0’094 x = (I‘0, and the 
atomic heat of oxygen is in ^••msequonco ll'4-6*0 = 5’4. The observed 
specific heat of nquid oxygen at - 1 fiO” 0. is 0’.‘14V, whence its atomic heat is 
0*347 X 16 = 5‘55. %Th*3 IS a rather ^favourable example of the nature of the 
agreement observed. , 

Kopp’s Law maj^be used to ftetermino the atomic weight of mi element 
the equivalent which is known, irrespective of whether or not the pure 
element itself lias boon isolated. Tims, for oxampM, suppose the atomic 
weights of mercury* is ^napured, analysis of jjierciiriC* chloride shows the 
equivalent of tin; metal to he JOO'.'l, and, by applying one ofttln! methods 
detailed in Chap. IV., it is found that the molecular weight of mercuric 
chloride is approximately 27r5. Evideiitlii therefore the formula of the 
salt is ngnCIo, Jtnd the problem i.s to find the value of n. A determination 
of the sj^ecifiq heat of mercuric cliJoride yields the value 0‘069, and the 
molecular heat is therefore 0 0G9 x 271*5 = 18’2. From Kopp’s Law, then, 
the number of atoms present in tli,e molecule is 18‘2/6'4 = 3 (approximately); 
whence n=l, the formula for mercuric chloride is HgCl^, 'and the sftftmio 
weight of the metal 100'3 x 2 = 200*6. * 

Specific HeaW of Gases. —Hitherto has been confined to, 

>lje study bf the specific heats of solids and Ilquifls. With gaseous “bodies' 
new factors have to be considered, for in the equation * 

Q — Qi + Qp+Qa 

(cy;‘p. 87^, •Qp may or may not l>e negligible according as rno specitic neat of 
the gas ail copstani; .volume or at constant pressure is determined. Of the 
two specific heats of a gas visually considered, the one measured at constftnt 
pressure exceeds tliat measured at constant voluoie by the thermal equivalent 





.,,r*o. ivijtiucu iA> overcome tfte resistance offered to the efpan^^irA 
When a gram-molocule of a gas Ijjs its t*inpeiutiiro raised 
one degree centigrade at constant* i>i'esBure it ctni bo readily proved that 
'fcho amount of work done during external expansion is represented by R, tfce! 
^Dstant in the gas equation— • ' 

PV = ItT 

>t • % - 

(seep. 27). Furthermore, it can bo sliown that the work done in increasing,' 
the translational motion of the molecules of a gram-molecule of gas when'^ 
heated through one degrel centigrade is yil. *' 

Hence at constant pressure _ Qf+ Qj. + Q„^ L-^l + H + Q^* ^ 

Molecular heat ai constant volume Q( + Qa ~ •Jh' + Qa ’" 

Now, in tfio case of monatomic gases it may be assumed that the value fof 
Qa must b(? negligibly small, so tliat tlie following ratio for the specific hea^s 
is obtained:— 

Molecular heat at constant pressure |.(;7 _ 

Molgcular heat at constant volume ”* '^11 ~ ‘ 

7, on the otheii hand, the gaseous molecules are diatomic or polyatomic^ 
«he value for Q„ may be expected to increase with the complexity of the' 
molec\ile, and the value for y to decreaso in proportion. Hence, by deter¬ 
mining y for a given gas or vapour, it should bo possible to obtain a •clear 
indication as to whether its molecule is moiiatoniic or complex. In order ta 
do this, it is not necessary to actually make a determination of the Iwo 
specific heats, for it was shown by Laplace tjiat this may bo deduced from a 
knowledge of the velocity of sound in the gas, liy making use of tfle equation— 

v-- \jypjd or 

where v is tjio velocity of sound, p the pressuA‘, and d the density of tlio gas. 

’ Kuncltaud WarVmrg^ determined the velocity ofsoifiid in n^rcury vapyur" 
by means of the appamtus generally known as ‘‘Kundt’s dust-tube,''- and 
deduced tlierefroni tho*value of l'()7 fory, tlius proviu}^ tlujt mercury vfpom 
consists of r^oryitomic molecules. This result is in perl'ecjt h.'nmon^ with tlfe 
conclusions from the vajiour den.sity of mercury and its atomic weight ^ 
determined in otlier ways. ^ * 

In the case of tlie inert gases of Hrmip 0 in the period'ic table it ia 
'impossible to make determinations of their atomic weights frorp a study of 
their componnds, as none are known to exist. Their moh'cular weiglils may. 
be determined by^tho usmj metliod for gases (soo Chap. IV.), and the relation¬ 
ship between thei« magnitudes and the atomic weights may bo derived from 
determinations of y. The^^alues obtained for y always approximate closely 
to 1*67,^ whence it is conclude!! that the molijcules of rtie inert gases afrp 
,m6natomic; • T * 

In the case of diatoqji(v gaseous molecule^ the value of y is fpund by 
0.i^rimen{ to range from about L41 for the “[icrmanont gases” to about 
1:30 for those readilyjiquefiable. Fowtriatomic molecules, e.y. CO.„ ete.i. 
the Tables of y are less than 1 *3. 


Kimdtand WHiburg, Pogg. Amiakn, 1876, 157 . 353. * 

See this volume, Ptirtll. ’ * See rart il, of this volume for references. 
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lOLUBIDlTY, SOLUTION, AND SOME PROPERTIES 
OF SOLUTIONS. 

AND Solution. 

It has been Seen in tlio |)r(3CC(liiig cha[)t{‘r tluit it is iinpossibio for two 
cUft'orent gases in c-outaet to remain in separate la^'crs, however inneh their 
densities dirt’^*. Tlie process of gaseous dili'usion is, liowevet-, only a special 
case of what occurs when many substances, whether gaseous, liquid, or solid, 
are left in contact. Thus, if a limited quantity of salt l)o placed at the 
. hottoin of a vessel of water, it presently disappears as a solid, and can, by 
testing, be found distributed throughout the liquid Few substances refuse 
to mix to some extent, however small, (larbon disnlpljide, for example, can 
dissolve very small quantities of water, and water of carbon disulpliide; or, 
again, water can take up small rpiantities of silica, as well as of many other 
substances, si^oli as silver chloride, winch, for most practical purjioscs, are 
regarded as insoluble. Such admixture is termed mlntion, one of the sub¬ 
stances being called the otiier, usually the added substance, is 

called tlu! solufe. ^.When a’sol 1(1 or a gas r/mo/zw in a liipiid, the latter is 
rogy.rded as (lie sohqmt; a solid may bo a solvent for a gas and (inally 
wtten two li(i1tids are mixed, each may act as solvent or solute, as will be 
evidijut from a later section. ‘ 

, Tliero are Bevera^ poipts about the proMiss of solution which may be 
noticed, ff t^^o sidwtances wliich do not mix in every possible proportion 
are* left in contact, and if at the end of a considerable time the added 
'substance ren^^iins in excess, a saturated solution will have been formed. The 
rate at whicli this saturated state is rcaclied depends on sevorril factors, such 
as the Mate bf subdivision of the solute, and tlio rate at which the solution 
formed <lilfuses away into the solvent. Agitation, which assists difTusion, 

■ causes solution to ociair uuore quickly. The solulUity of n substance in a 
given solvent is always a statement, in some form or other, of the ‘rolative 
proportions of solvent and solute that will yield a saturated solution at an 
‘assigned* temperature and pressure. Who*^* saturation has been reached, 
.whether by prolonged standing or by agitation, the solution will be homo- 
geneoiis, having the same concentration in all parts.' 

A solution has already been defined ^ as a homogeneous mass'^of two or 
t^more substai^ces, the composition of which can vary 6ontiii\iously between 
‘oefinite limits. This definition (foes ixjt confine solutions to any particular 
.^te of nialjtcr, rtxid it is possible to have solutions of gases in gases, of g^ses 


Seo Chap. I., p. 7. 



id liquid solvents. «rheso didbrcnt mos will now bo disoussi 
Solubility of Gases in Gases, —J^’roin wiuitf has beon said in counectibt 
with the diffusion of j^ascs, it should be evident tlial there is no qucBtioaiOl 
investij^ating the limits to which gases nnx, for they are soluble in*at 
proportions in one another. / 

W'hen two or more gases arc contained in tho same vessel the pressure 
the mixture may be detennined by a simple rule kilbwn as Dalton’s Law, 
according to wliich the presaitrc t'.rnied ly a yaseons mi-vtnye is etjual thi 
sum of the prcmires whii^i the (umsfltuents w%nld erert if each occupied, separ¬ 
ately the volume of the mixture? The pressures which tin; constituents woul^ 
exert separately are ^‘rmed their prexsares in the mixture. IXonotitig 

them hyp,, p.y^ and, the total pressure of the gascotts mixture by/Fj 

then Dalton's haw may bo simply stated thus : - 


i-p.. + e^c. 

In common with tlio other gas laws, Dalton’s Law is only H]>pro.xiniato, 
and at high pressures it breaks down. At moderate pia.'ssures, however, it 
holds with rq^isonable ucenmey for vapours as well as gases, jirovided tliat tU® 
corresponding liquids are not inisoible, as was shown by Uegwault.- Tlio law 
is commonly i^uployed m deducing the volume, at any reipiired temperature 
and pressure, of a (Iry gas from observations of its jiressuvo, volume, and t^m* 
poraturo when saturated with water or otlier vapour. 

Lcdnc lias shown tliat the following statement is more correfft than 
Dalton’s Law . ‘‘The volume occupied by a mixture of gases is eipial to the 
sum of the volumes occupied by its constituimts under tho same conditions of 
temperature and pressure.” For example* calculating from the densities of 
oxygen and ‘‘atmospheric nilrogon”at the same temperature and pressure, 
is foniKl that air contains 2.'V2i per eeiU. of oxygem, tho^experinumtal value 
being somowhero between 23‘IS and 22 2.2 per cent. By usi»g Dalton’s Law 
as tho b.uis of the caicnlatioii the value 2241.” i*s obtaino.4.-^ 

Solutions of Gases in Liquids.—The soluUhty of ^ gas in a-Jiqmd, 
never takes [iluce to »u unlimited extent like that of one gas in another. -The 
apparatus employcd*in the determination of gaseous ^olubilitj usually«:;ont}isU 
of the ab^icirj^tion vessel, a cyTindri<;al glass fintmd with Mp^at ciw^h end, awd a 
gas-mcasuriijg apparatus from which a known volume of gas is transforred. tfi 
the aUsorption vessel and in wliich, linally, the residual gas is measured!* 

The results of solubility determinations can be exprcs»ed in one of two' 
ways, either by the <d>sorpti<>n coeJIicicMt, a term introduced by Bunsen, or by 
the soluhiliti/y or cocficient of solidjlllii/y a term due to Ostwalu. 

i,D-dton, /I/m. ManrhesOT Phil. Sor , )802, 5, .o43. ■ -g 

* RegiKiuH, ,I/f'’//i dcVAcud.y 1802. 26 , 722. - 

^ Leduc, C^ompt rend., 189'!, I«3, ScO ; 1898, 124 218. 413 ^•4nii. Vhim. Phys., 18M, / 
•fvii.], 15 , 106; SCI' also IV ]l<'ifficlot and Sivceidoto, Comiit. rend., 1896, -S^O 
1). berthelot, iind., 1899, 128 ,1159. • . 

* For details of nietlfcdf and apparatus see ilunson, Gasom. {liTUWvic^i 

1877), 2«d edition ; Timofcclf, Zeifsch. ph/xil-al. ('hem., 1890, 6 , 1 tl; Winkler. Ber.,, IS?'!,' 
24 , 89, 3602 ; Znisc/u physilul. ('hc/ii., 1892, 9 , 171; Itohr and bock, ^nn. Pkf/stk, 

44 , 318 ; Steiner, ihia , 1894, 52 , 275 ; Ksitieieber, Zellsrh. phyuhil. Gliem., 1899, 3 ^. 
brann, ibid., IflOn, 33, 72i ; .Tu.st, ihul., 1901, 37. 3t2< Knopp, ibid., 11*04, 48^-''97;. 
•Geffckcn, ibid.. 1904, 49, 267 ; Chiistolf, ibid., 1906, 55, 622 ; J[/*ncker^and ^^ole^, ihid,,-,^ 
1911, 75» ^*^5; Fox, iVa?fS. Ftmiday iV, 1909, 5 , 68 : Usher, Trans. Chi^i. Soc.,^9i0/ 

,•97, 66. . 



coe^^i'WAhk votnme oiT gas; 

■ 7^ tpia;,.-which is dissolved at a particular temperature (that of exporim^enj 
^^>^ Unilt volume of the liquid when the partial pressure of the gas is 760 mtr 
tiv^the following tables it is expressed by the symbol a. 

sohibrHf?/ or coe[flcient of soluhility \% doHned as the volume of ga 
;abBorbed under the conditions of experiment by unit volume of li([uidd and is 
usually denoted by L This quantity may also be stated as the ratio of^the 
CODceotration of the gas in the gaseous space in a closed vessel to that in 
thOfSaturated liquid below; for, by Henry's Law,'^ the volume dissolved is» 
iudependent of the pressure. ^ t 

^ The factors on which the solubility of a gas depends can , be summarised 
under four liea(^a, the solubility varying:— 

•-.% (i*) With the nature of the gas. i 

' The following table gives a eom{)ari.son of the values of a for a number ot 
gases at a temperature of 20'’, tlie solvent being water:— 



Gas. 

a. 

Oa.s. 

a. 


Holiuin 


(Carbon dioxide 

0-878 

^, 

Hydrogom. 

0-01819 

( bloruic 

;-2-260 


Kitrogoii , 

0-0ir)4‘2 

Hydrogen sul|-ludo 

2 072 


Oxygen 

0-03102 

Siilidiur dioxide . 
Hydrogen cbloride 

/--■ 39-374 


Argon 

0-03790 

;=: 442-0 

■' 

Carbon monoxide 

0-02319 

AmniDDia 

710-6 


• The neutral gases are soluble only to a small extent,''wliilst those with' 
distinct acidic or basic properties dissolve readily, hydrogen chloride, 
•ammonia, and irothylaminc, for e‘lam}>le, being extremely soluble. A second 
p(HUt of interest lies in the fa(;t that the g.ises exhibiting great solubility arc 
generally the most\iaRy*to li<]uefy. 

; . (ii.) With the nature of the solvent. 

. , The influence of'Uio solvent is shown very well by the followi9ig values 
ebta^Ued by for tfio solubilities of nitrogen and carbon dioxide at 25* 
ia various common solvents:— *• 

u ^ _ « 


- c 

* 

Solubilities (Z) of: ' 

1 Solvent. 

1 

N,. 

rt^uter . 

Amyl alcohol . . . [ 

fithyl alcohol, 97% . ’ 

.» l>9-8% 

Benzene . 

Methyl alcohols . , [ 

Ace.*-ione ..... 
Methyl acetate 

0-0.3O2 

0'8256 

1-811 

2'706 

2 425 

8'837 •' 

6-295 * 
6-491 

Iinmeasiirably small 
0-01634 

0-1225 

0-1432 

0-1159 

0-1415 

0-1460 








^5*"tiB^*Witt the temperature. "'" '^v 

■ > '"In nearly all cases the solubility deoreai^js as tife temperature rises. -TH 
’iteration of solubility is illustrated by the follo\vii>g table of absorpt^ij 
coefficients of oxygon .and nitrogen in water:— ‘ ; 


Temperature. 

Oxygen. 

Nitro^n. 

0 “« 

0 04890 

' 0-02348 

. 10 ’ 

0 03802 

0 01S57 


0-03102 

0-0164-2 

•80’ 

0-02608 

0-01310 

50’ • 

0-02090 

0-01087 

70’ 

0-01833 

0-00976 

90’ 

0-01723 

0-00952 

100 ’ 

0-01700 

• 0-00047 


Xenon, krypton, argon, neon, and helium differ from other gases n 
showing minffiia of solubility in watcr.'^ • 

Wlien a solution of a gas in a liquid is heated in a ve.sscl open to tin 
atmosphere, the giis^s gradually expelled, and, if its solubility is accurateb 
expressed by Henry’s Law, is completely expelled when the boiling-point o 
the solvent i.s reached. Aqueous solutions of hydrogen chloride, bromide, an( 
iodide in water dp, not behave in this manner. When a cold, saturatec 
aqueous solution of one of those substances is heated, gas is evolved (with"< 
little water); but even when the solution^boils it still contains much dis 
solved gas, and eventually distils at a constant temperatiu^ unchanged it 
composition (see Vol. VII1.). ^ 

(iv.) With the pressure : Ilenri/'s Laxl^. , 

The l^w couuecting the effect of presanro'with the#solubility of a gat 
was discovered by Henry in 1803,^ and states that the concentration gf tlu 
solution is proportion^ to the pressure of the gas. If tlic pTcssure of ^ gas 
above a liquid solvent be doubled, the mass of gas ab.sorbod will be d(^iblra 
btit by Boyle’s Law the densify of the gas is al.*^ douVlctl; lienee the volupne 
entering fiic'solution remains constant. From this fact, as already stated, 
the volume of gas dissolved by a liquid is independent of the piessure. • The 
very soluble gases, e.y. hydrogen chloride and ammonia, ^how dcviafmnfl 
from Henry’s Law. j 

If a mixture of gases bo shaken with a solvent, the afiiounf of each 
absorbed depends on two factors, namely, tho .solubility and the partial 
pressure (see p.*99) which each exerts in the gaseous mixture. The partial 
pre^hures of oxygen and nitrogen in air are in the ratio of their proportions 
by volume, but since the solubility of oxygen i^ greater tiiaii that of nitrogoDi 
the gas expelled from wat«r uifioh has been saturated with air \wll be prd' 
portionately richer in o^gen. Winkler^ found the following^were ^ 
amounts of gas expelfcd from 1000 c.c. 8f water saturated with air ai 
iemperaCures recorded below. In tl^o nonmil atmosphere tho^meaii percewb^ 


^ L W. Winkler, Btr.^ 1891, 2 ^, 3602. ^ 

• * See Part II. ofthis vohime ; also Eatreicher, Zeiitch. physikdl. Chevfi, 1^9, 
UatrqpolT, iVoc.5or., 1910, A, 83 ,474. ' • . 

-y * Henry, f/iil. Trans., 1803, 93 , 29, 274. 

See I*ii(3tilt*Borii8tein, Phy^alixk-chtmischt TabelUn, 1906, p. 606. 
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age ipf oxygen is merely 20*9 to 21'0 by volumef, save in tropical ; 

where it may fall to 20‘4 per ccntl:— 


Temperature. 

0 ^, 

No and Inert 
Cases. 

Total, 

0.^ per Cent, 
by Volume. 

"C. 

C.C. 

C.C. 

c,c. 


0 

10-19 ♦ 

18-99 

29-PJ 

34-81 

6 

8'91 

10-17 

25-68 

34 09 

10 

7-87 

14-97 

22-84 - 

34-47 


6‘36 

12 ':i2 

18-68 

' 34-03 

2 .'i 

5*78 

11-30 

'J 7 08 

33-8-2 

80 

5-26 

10-38 

15*04 

33-60 


i)Olutions ..of Liquids in Liquids.— Great variations are possible in 
the limits of solubility of Ikpiid substances. Some lajiiids, such as sulphuric 
acid and water, are capable of mixing in all proportions over ;« considerable 
range of tempcAaturo. Zinc and cadmium, zinc and tin, lead and tin provide 
examples of the same nature among fused metals,’ * 

When two Hijuids do not mix in all proportions, they form two layers after 
shaking together (provided the one in smaller amount is more than sutHcient 
to saturate the other), each being a solution. Thus, ether and water form 
two layers, the upper one a solution of water in ether, tlfo*lowcr a solution of 
ether in water. The two layers are spoken of as conjnyate solutions, for the 
reason that on ^uflicieiitly raising the tcnipcnitnro, if the solubility of each in 
the other increases as the temperature rises, or l()\v(‘riug it if the mutual 
'•solubility decreasco with rise of tonjnerature, a point is ultimately reached at 
which the coAiposition of each layer is the same, and the two constituents 
then mix in all proportions. Thh temperature at which complete‘iniscihility 
is reftohed is o‘:lled tht critical solution lempcrainre. Zinc aiul bismuth in 
the lifiuid state mix in all proportions at and above a' t(‘mperalnrc of GoO*’, 
this being the eritrial .solution tcmperatuie, apd belo\V this point separation 
info two layers /)ecurs.^ ' t ^ 

The mutual solubilities of liquids have been very fully investigated with 
fiOrganic substances.® c 

Solutions Of Solids in Liquids.— In no case will a solid dissolve to an 
•unlimit^ extent in a liquid. The inlluenco of various factors, such as the 
rise* of temperature on the solubility, has therefore to be determined. The 
'results are tlien expresseil unrnerically, as grams or as gram-moloculos of 
.^SoHd taken up by a lixod amount of solvent, and solubility curves, in .which 
the solubilities are plotted against the temperature, may be drawn. 

One or both of two methodo may bo fo]lovi/‘d in determining the solubility 
'nf easily or moderately soluble substances, namely, to agitate the solid and 
liquid in a vessel maintained at the temperature d^sfred, or to heat the two 
substances to a higher temperature than rc(iuired, and then to cool to the 
temperature of investigation. In cithft: case excess of the solid must be 
'present, not only to ensure saturation, but also to prevent supersatnration, 


;^ * Hcycock and Neville, TninR. Ckcm. Soc., 1S97, 7i» 3S3, Soeiulso tills volume, p. Hljt, 
^.Ueycock and Neville, loc. cil. ; Wrijxlit, JVne. lUyo Nor,, 1892, $ 0 , 372. ^ 
l 'See Findlay, The fAase 3rd edition (Longniaus&Co., 1911). 



and tho^atfib value of Ihe solubility ought to ensue whichever*mbth<J4 W 
’^pted.^ * ; 

For salts, such as silver chlorWe and WriuiM sulphate, which ar^ but: 
slightly soluble in water, special inethocis have been adopted depending on 
the measureiuent of the specific conductivity of a saturated solution, or on a‘ 
determination of tlie electro-motive force of a concentration toll containing 
the '«alt in solution.^^ 

The former method, which has had considerable application, is based on 
the assumption that the ])articnlar solution, although saturated, is so dihite 
that the salt may he considered as complctcl^' s])Iit up into its ions. Now,- < 
according to Kdhlraiisch’s liaw, the e<juivalcnt conductivity (see p. ’206) of^ 
salt increases with dfliition up to a point, and then remains ;^nstant. This'' 
limiting value {{i^) is made *np of contributions by ('ach ion, called Ihe wnic 
conductivities^ the latter having tlio same value in wliatover com])oin]d8 tjjd . 
ions occur, provided the condiujtivity consicjprcd is the limiting value/ 
Kxpressed in symbols, /x^, —u-vv^ for any binary electrolyte, whore n and v are 
the ionic conductivities. Since wand v are <;onstants dorivabli! from any salts 
containing the ions sejiarately, it is obviously possible to calculate f(jr any 
salt containing ions for which w and v are known. Thus, for silver chloride, 
Ag(T, the ioni^ conductivity of the Ag ioi» is Ihe same, whethTir doriv<‘d from 
measurements with silver nitrate, AgNO^, or silver chlorate, Ag(TO.,; and the ^ 
same is true for the Cl ion, whether obtained from hydrochloric acid itself or 
from any soluble cldoride. Uy addition of the two values so obtained, the ’ 
limiting equivalent oonductivily of silver cliloride is derived. Tlie calculation 
of tlie solubility can now ho made in the following way: liCt C be tlie specific 
conductivity of a saluraterl solution of the sulislance in highly purified water 
and V (unknown) the volume of solution containing 1 gram equivalent of tho- 
saU. The c(]uivalciil conductivity -= (- x V. 

But if the salt is fully iouiscfl, the opiivalont crAdu^ivity measured-is 
the limiting value,« * 

Hence, fx^ ~ = C V, !ind since a and v arc known, and G is measured 

in the c.xperiment, V can bo calculated. * * '• 

The following table contains values obtained liy lhi> process at a lompera-, 
ture of 18",^ tlio solubility 4ieing expressed in terms <rf milligrainsVf salt • 
per litre oT solution:— 


Substance. 

Solubility. 

Substance. 

Solubility. 

Siibslancc. 

Solubility 





• 

• 

BaF.^ 

.1630 

A;iBr 

.oqo7 

CiiSII, 

20-10 

.SrF, 

• 117 

Agl 

0 003^ 

I'bso, 

41 ' , 

I'aty 

16 • 

BaSO^ 

2*3 

PbCiO, 

0-2 • 

Agl.'l 

1 6 

grSO. 

114 

Ca0.^)4.11..0 

6’4 

« 

_ _^ 

«• 

_ . 

, . _J 


See also Bottger, ZeiM^ C/whi., lOOU, 46, 5*J1 ; 1906, 56, 8U ; Wcigol, rWS*.', 

1907, 58,,293 ; Melcher, J. Amer. Chfm. Soc., J910,*32, 50. 


• • ^ For details of method-* see, for OsWvaM and Liithof, Phydkn chemitHhf ] 

Msssungen, 3rd eiUtioii, Leipzii;;, 1910; Kyre, B.A. 7?e/wr/s, 1910. • v 

For an account of the latter method, see Findlay, Vmetical rhysiculVJifi^islri/, p. 215;,' 
'(hongmaiifl, 1906). / 

* Kohlrau^h, Zeitsrh. phyaikal, Chem., 1904, 50, 356. 










Y*;.*ntrByiuuim/y aocreases to a minimum aurt then fis^s; as.e^isml^ll^ 
by calcium propionate^ and by^anhydyous sodium sulphate, ty 
minimum in the latter chse occurring at about 120’ C.“ - 

B. The curve exhibits sharp breaks Two possible causes, namely, a changjS 
3f polymorphic form or a change of hydration,® will give ris« to a eudden 
break in the curve. The former case is illustrated by ammonium nitra^, 
whi-^Ji is capable of existing in no fewer than four crystiWliiic* forms. Of tlilse 
the j^rhomhio passes into the a-rhombic variety at about .*12’ C.^ At this 
temperature a break occurs in the solubility <^urvc.'' 

The effect of change 8f degree of hydration in the case of those substan'Q'^ 
diat can combme with water is shown in the solubility curve of sodium 
sulphate (fig. 51).* 4%low 32'H'' C. the stable form of tliis feall crystallisoe 
•vith ten molecules of water* but above this temperature the anhydrous salt 
s stable. This transition-point is sharply marked by a break in the curve. 
5o also the points of intersection in the solulylity curve of ferric chloride 
fig. 52) in water correspond with the appearances of new hydrated varieties; 



■ until at the last poifft of diM'ontimiity then' is transformation iri^.o the 

anhydrous substance. • ^ 

From Wlnft has been said it will bo evident that tlfe dfttenrnnatjon of a 
.transition-point (pp. 07 60) can be made by mciiiis of solubility nH‘asuromy;ufcs» 

■ The solubility of a substanct? in water is closely coiinectijjl with the lieat 
evolved or absorbed when solution occurs. Many substances absorb heat oh 
passing into solution, and in smdi cases the solubility iucreases*with fempera- 

■ ture. Salts capable of crystallising with vater evolve heat when added hi 
' the anhydrous f^rm, audit is found that tlw) soluiiility of the anhydrous forth 
usuaiiy decreases with ri^l? of temjicrature. 

; Van’t Hoff’ gives the-folIo\^'ing rules, which, allluuigly applying in theory^ 


1 Lumsdon, Trans. Chem. ^oc., f902, 8 i, 350. 

® Tilden and Shoii.stoiie, hc.9cU. • 

* I.e. tyi alteration iii the solid phase in cquilihriuin with the solution. 

* Seep. 66, also see Vol. II. 

® Miiller and Kaufinlliin, Zdlsch. phjsikal Vhan., 1903, 42 , 497. 

* For a careful study of the changes in 4 he simibilfly of siidium snip 
idnn. Chim. /7iy«.,1907, [viii.], 10 , 457 ; H. Hartley, B. M. Jones, a«a Hutchin^'i 
Trans Ghcm. Soe.r 1908, 93 , 8-*5. 

Van’t Hoff, Lecture on Theoretical and Thysical Chmistry, translated by Leiif^ldtf' 
* I), parti pp. 37-9. >1; 
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to fcTie solution of u suosiauue m » practicuiiy sanvaoutA boiliwujj, ll 8 U 8 . 11 y.,.^Clj v 
'Jor ordinary solution: if» a substance on solution gives out heat, rise o?"' 
temperature will bring abo'ut a decrease m its solubility; if it absorbs heat;'' 
rise of tomporature causes an increasing amount to pass into solution^ 

2. Tkfi InJ^uence of the Solvent .—Several regularities of a general char¬ 
acter have in recent years been brought to ligl)t connecting the extent of 
solubility with the ^jat\ire of the solvent. Some of these hold botlf for- 
Solptions of solids and of liquids. It has been pointed out, for example, that 
miscibility of two substances v’ill readily occur (i.^ if both liquids, such as 
carbon disulphide and benzene, have simple molecules, (ii.) if both are 
fesociated, c.y. fonnamide, water and sulphuric acid ; l^ut tlifr solubility of a 
uon-asBociated Substance in one that is as.sociute(J is, as <1 rule, limited. Salts 
dissolve most freely in water, and it has been recently shown that in formamide 
this characteristic solvent power is reproduced very closely. Walden ^ also 



Fio. 52i—Solubility ourve of f<'nic clilorido in water. 


found«that with a ^erics of solvents tiio sobibility of ? salt w.as greater the 
more strongly associiited the.solvent.^ * ^ ^ 

Solubility is probably also connected witli tlie dielectric constant or specific 
inductive capacity of the solvent From a study of the mutual solubility 
of two liquids^ bothmund stiggestcd this relationship as existing, and, 
later, Walden ^ stated that when salts arc dissolved by various liquids, the 
expression f/ Ij'^ is approximately constant, where € is the dielectric constant 
of the solvent and /x the percentage molecular solubility.*' , 

Turner and Hissett^ ha(e shown, however, that the preceding'relationship 


N; 


\ fX‘ ® discussion solubility,from tlu- point ofcview of the Phase Rule, see Findlay, 

*1 its Applications (bongmans ^ Co.^ 1911), 3r(l edition; see al*) 

TM tnasD 

t'fe*., 1906, 55 , 703. • • 

fl pVt aiat-msion dltho relation between solubility and association, see Crompton, Tram; 
^ tw lft97 71. 9‘Jy',Turner, Trans. Him,. Sog.^ 1911, 99 , 992. 
rl^siU. qhr.m. 1898, 26 , r" 

“ Walken, Xeitseh. physthl. Ohm., 1908, 61 , 683. 

R r TO^ 100 * ^ l>oini the nuiiihei- 

‘ '♦'•TTrST’ 

Mlulion toNof>heaolvoiit, 


433. 


f molecules of solute present in the satura^, 
VTum’pr and liiaaett, Tra: Chem. Soc., 1914, 105 , 947. 



90.tUtl|.N,: and S^jitE PROPmiES <ir-S6LtftIO^fei^7W^ ' 

S bj- liu ujtjfiiis exact even in uic case oj sotuics inat are eieciroi^TO^, aim* 
ixoakft clown completely when tlic^soliites .’ire noifclectrolytes. 

3. The Inf. lienee of rreefoire.-- Sorhy' conclu(l^(l that a rise of pressure, 
noreascs the solubility of those substances which dissolve in a liipnd with’ 
jontraction of volume, but that it decreases the solubility of sc;tli substances 
as dissolve in water with an increase in volume. This is in harmony witli , 
the 'flieorcni of Le Chatolicr (see p. 178) and has recoiveef fuitlun’ (•enfirmation 
from the experiments of li). von Stackelbcr^',*'^ the results of which aj’o gi\,en- 
in the following table:—• 


THE EFgRCT OF PRESSURE ON SOLUBILJ.TY. 


Salt. 

Cliaiige of 
Volume on 
S<ilutii)ti in 
WaUn-. 

Crams of 8alt in one Cram 
at, ImM:., at- 

# 

of Solution a 

1 Atmo'^. 

400 Atmos., 

500 Atmoa, 



I’lessnie. 

I’re.ssnre. 

I’ressnre, 

• 





Sodium cliloride 

coniraotion 

0 264 

A 

0'270 

Ainnioiiiuin olih-ndr . • . 

expiuihioii 

0-272 


0-258 

Alnin .... 

conlracLioii 

o-ur, 

0-142 




_ _ 

. _ _ 

, 


It was first indicated by llrami •* that if the change of volume on solution 
and the thermal elf'ect arc known, the (piantitativc idlect of alteration in 
pressure on the solubility may be readily cal?:u]aled (see p. 18^). 

Solutions of Gases in Solids. Adsorption and Occlusion.— 

^Gases have tlio power both of dillusing Mirough, and-of being retained by, 
solid substances; and some of the phenomej^a olisorved ay,e to be Interpreted 
as duo to tTie formation of a true solution analogous to tliat obtained when 
a gas dissolves ill a lifpiid. ’ • *> 

Hydrogen readily^Tlillusos throiigli metals, notably iron, platimu^i, and 
pallaclinm. Devillo and Troo»t appear to iiavc heen«llic*first to ohscirve thi« 
in tlie casc'of ^'ed-hot iron and platmuin, and in 1^68 (^lillistel?'' dr<?w attention 
to the fact that hydrogen couhl ])ass through cold iron—an observation tha^ 
'was independeully (loufirmed by Osborne Reynolds some six yctirs later.® 
Winkclmarin ^ found that the passage; of liyclrogcm into an iron tube, forming 
the cathode in a cell, appeared to he iiidependcni of the prcsstire wiihiu the , 
tube, and argued, therefore, that the hydrogen must diffuse in tho form 
either of atoms V*' ion.s. * s 

l*»!ladium not only tjlows tlie dilTusimi ot hydrogen, but absorbs and. 


Sorby, Proc. Hoy. Sor., ]J63, R2, fiSS. 

■ E. von Stackelberg, 2e^sch. yhysikuL Chrm., 1896, 20 , 337. 

‘ Braun, ZeAUch. phyrnhu. Ch'in , 1887, i, 2fi9, * 

^ Devifle and Troost, Comyt. rcnA., 1863, 57 , 894. 

® Caillotet, CompL ^d., 1868, 66 , 847. 

® Reynolds, jtapor read before the Maiic)n#it.er iTiiteraiy and I’liMosoplii^al Society 
24th February 1874. • . ■ 

, Winkolmaim, Ann. Fhysilc., 190.5, [iv.], 17 , f>89. Compare M‘ltaiii, Mil Mag., 1909, 
£fi.], 18 , 916; Hagenacker, Zei/sch. phyAJutl. t'heni., JDOO, 68 , 124; Stevevta afeg 
lAngnmir, J. Amer. Omn. Soc., 1912, 34 ,' 1310 ; 191.'), 37 , 417 ; Langmuir and Alackay, 
1914, 36 * 1708. . ’ 





^ a large amount of hydrogen. Troosfc ati(^ Haiitefeuflle ^ 
a^ttpound Pd^H was formed, hut Wolf ^ suggests the formula 'ftifiC 

'hydrogen is said to bo occhided in tlie niofal, the term ordmion signifying tlf^) 
eJsiatencG of a solid solution, either of a gas in a solid or of one solid-in- 
another. 

d, Porous siiCsUmces, such as charcoal, have the power of absorbing gases.' 
Certain features of this absorbent action resemble the solution of ga^s in 
lityiids. Thus, with charcoal, the extent of absorption depends, like that of. 

' a gas in a liquid:— , ^ 

(1) On the nat\ire of the gas, the most easily liquefied gases being 

absorbed to the greatest extent (see Vol V.). * 

(2) On tin? temperature, a fact well illustrj^ted by'fche following table of 

results found by Dewar:— ^ 



Volume absoibed by 1 c.c. 


of Charcoal at; 

Gas. 


• 


0“ C. 

-185“ C. 

• 


c.c. 

c.c. 

Hydrogen.... 

4 

135 

Kitrogon .... 

16 

155 

Oxygon .... 

18 

•+30 

Argon .... 

12 

175 

Helium .... 

2 

15 

Cjrbon inonoxiih . * 

. 21 

190 


• • • 

Obviously*the amount al^sorbed decreases with rise of temperature. 

■' According to Aomfray,^ Geddes,^ and Titofi','^ the absorptiem (f? a gas by 
chai^oal is p.i^ rogulfft/od by Henry’s Law, except, according to Titotf, foi 
"hydrogen between -80* and +80*. Equations have been deduced, however, 
to rojfresent the aljiforjVdon. Thus, for carl)on,dioxide*m charcoal, Travers' 
■fotmd the yalu^ C/^p to be constant, where P ivs the pressure •and C the 
concentration of the gas witliin the charcoal; wliilst Hoitsema found tlu 
absorption of hydrogen in palladium to be ren)resented by C/..yp = const. 

, Now, Nernst has shown, and expressed the fact in his Partition Law ® thal 
•Henry’stLaw holds also for solutions other than that of a gas in a li({ind. As 
the absorption of a gas by a solid does not obey Henry’s Law, the question 
naturally arose whether tl^c absorption of a gas b*y ch.arco^l was to be con¬ 
sidered as a case of true solution, or due to a surface effect. Rcetlitly, 


* Trooshand Ilaulcfouillo, Ann. Chim. Pkys., 187Jirv.],c, 279 ; Omipt. rend., 1874, vg, 

.m. 

, , Wo]f,*/^eitsch. physikal. Chcm.% 19H, 87 , .^76; seo•Si^vorts, ibid., 1914, 88 , 108, 
contrast Hoitsema, , 1895, 17 , 1 ; Holt, Edgar, and Firth, ibid., J91.3, 82 ,"S; H.dla, 
1914,86, 498; Andrew and Holt, Pm. iAy. i’oc!., 1913, A, 8^,170; also Leo Vol, IX. 

* Dewar, Comply rend., 1904, 139 ^ 231 - 

* iliss Homfray, Proc. Rc^. Roe., 1910, A, 8t|, 99. 

* Geddes, Ann Pkysik, 1909, [iv.], 29 . 797. 

* Titoff.Cj^ciMcA. physikal. 1910, 74 , 641. 

Travers, Proc. Hoy. Roe ., l9O0, A, 78 , 9. 

* Nernst, Zeitsch. physikal. Cktm., 1891, 8,110, 







at?fe,l jirove tlSi^ Che as, 

Ji^the absorption of hydvo^n by cliarcoal, is actually'a cojnbiriatlon' of 
;-j^r6oi3S8e8—uainely, a surfaco condensation termed (idsorption which tilled - ■' 

;^I^ice rapidly, followed by a slow diR'nsiuu into the interior of the solid wlUit yv ■^. 
-the formation of a true solid solution. In view of the fact that t^io absorptiop; 

'of a gas by a solid is a combination of two processes, M‘Bain ha% proposed - 
empl^ the non-committal term sorption when referring ^ the absorption as }•- 
■% whole, to call tlie dilfiision of gas into the interior absorption^ and to restrict 
.the word aihorption to the lii*st sUige of sorption, namely, the surface. 
condensation.® • ' ' 

Solutions otSoiids in Solids. -The term “ solid solution ’’ svas applied*- ^ 
by Van’t Hoff to cer^^lin substances which separate in the crystalline state.- V,;;'. 
from liquid solutions on coolirtg, the crystals not being the pure solvent but - 
a homogeneous mixture of solvent and solute—in short, solid solutions. J;c’- 
striking example of this came to light in the investigation by Beckmann and v. 
Stock® of the molecular weight of iodine in benzene solution. It was found. 
that iodine always separated with the benzene in the solid staU). Moreover, 
the ratio of the average concentration in the liquid to that in tlio solid was-^’- '• 
roughly constai^ ; that is to say, Henry’s Iaw held for the solid solution. •' 

is the mean value—before and after freezing —of the corfbentration of' - '% 
‘iodine in the li(]ifid, and O .2 the concentration in the crystals, each coucentra' , f 
tion being expressed in terms of iodine per 100 grams of btmzcne, then, for 
three different strengths of solution, the following figures were found :— ' 


c*. 

s-.w 
2 587 
0-9447 


C,. 

I-J79 
0-925 
t-317 


o./c,. 
0 377 
0-358 
0-330 


Apart from the cases arising from freowng-point meAsurcincuts, however, 
liiiscibility in the solid state has boon known for a consideri^blc iinie. Until, 
recently, it*was beliexed that only isomorphous substances posses.s the 
power of cry.stallising out together, and, in turn, isomorphism I'ecognifyOd 
by the power of mutu.fl overgrowth .and of forming mixed crystals, (f.e. ‘ 
bolid solutions), as, for^!xampIe*iu the caso of the alums. • It is now known. ' 
however, tlnit•overgrowths may occur with *substanCcs •Chat’are not 
isomorphous (see p. 72). , 

.V Miscibility in the solid state varies with the nature of the substances and 
the temperature. Uctgcrs^ define.s six types of mixed crysJlils, according, 
to the degree of solubility, this being dependent, according to*him, cn tho 
degree of isomorphism or identity of crystalline form. The first type is that 
in which the two anbstaneCS can mix in all p 4 )portyns, as exemplified by zinc ’' 
Bulphatf, ZnSO^j.Tll^O and ^n.agnesinm sidphatc, MgSOj.TH^O, and is followed , 

M‘Bain, Vhil. Mag., 1909, [vi.},2j8. 916; see also^t’irtli, Zeit^h. physikal. C7te»fc, 
J9f4, 86, 294. • • . 

® Cases of “sorption ” .inalogt^s to those doscvilicd in the text are ob.serve(lwhgii 

I solids, e.g., clmicoal, aro sliakcii up with soliiftons, a portion of the solute beiu^- 
In the citse of chaiwal and solutions of iodine in various organic 


’cl'*' 


b.*orbed’' bf the solid 



^•.■rt.'Beckniann and ^to^^citach. phydkal Chem., 1895, 17 , i23. 
gA‘.*:JR«tgefs, Zcitsch. ph^kal, Chem., 1890, 5 , 461, 
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by otKei* types in wliich the misicibnity diminisf:eM. In ca^es 
soJubilifcy, two series of solid solutions are formtjd, each a solutionVf tfee oni 
in the other, corresponcfipg to coiijugat,e li<iuid solutions. Thus, gluctnob 
sulphate, can take up glucinuin selenato, (j!lSe04.4H20, unti 

the composite crystals reach a (concentration at ordinary tomperaturei 
of 7 ’ 33 U 1 S( 5 i^. 4 U.A), (il 8 c()j. 4 Il 20 , whilst the selenato can take up sul 
phate more extensively —until, in fact, a composition corresponding t( 
4GISOJ.4H2O, GISo 0 ^. 4 IJ .,0 is reached. * 

* Modern research on the constitution of alloys has also brought to lighi 
many pairs of metals which •arc capable of forming solid solutions. Thus 
Ag and Au,i Co and Ni,- Sb and are example's of met^ils which can mil 
in all proportions in the solid state ; whilst (hi and ^li,** A! and Zn^, Au anc 
Ni® arc miscible only to a limited extent.^ • 

, The formation of solid solutions, or the occlusion of the reagent or othei 
salt by the precipitate, has also Ixcen noticed when preeijiitation occurs 
Thus, when Fe( 110)3 pi^ecipitated in the presence of certain proportion? 
of manganese salts, manganese liydroxide is co-precipiloted and the twe 
hydroxides appear to bo in solid solution.'^ Possibly those phenomena occur 
ring during precipitation may bo shown by later iuvestigation^to be due parti) 
to adsorptioft, analogous to the adsorption of hydrogen, iodine, and othei 
substances by charcoal. * 

Although the power of forming solid solutions has until recently beer 
connected witli the isomor[)hous relations between the solids mixed, othei 
explanations have lately been advanced. Abegg^ belii'ves that tlie postula 
tion of special crystallographic forces to ex[)lain the fofAatioii of double salt? 
(a case of mixed crystal formation) is unnecessary and that the action ol 
. residual vale^jcies can account ^.)r the phenomena observed Tammann ^^-ani: 
Ouertler,^^ in discussing the formation of solid solutions of the elements, botl: 
deny that isom*>rpli*sm is the 4b>ciding factor. Tanmuinn finds that th( 
capability df forming soljd solution depends more on the temperature ol 
crystallisation tlnin on th(j (jlhsnical analogies between tlie twtJi/substances 
whilst CiuO'^Uer beliiA^cs that the factois governing the formation of solic 
solutions are similar to those detuding the iniscibilitW'Or otherwise of liquids 
Many pairs of clc%neikts are known to form ejtensive Tories of mixed crystal? 
Although 4 he ditfervnt menibers of a pair belong to different <jry,stallographi( 
systems. 

* Supersaturated Solutions.—When, a solution of a solid in a liquid, 
already saturated at a given temperature, is heated up with more of the solid 
until ^11 th^solid p;isses into solution, on cooling to the original teinjioraturc 
the excess of the substance in solution is not alw-ays deposited, erystallisatior 
or precipitation being suspended. The solution •obviously hold.s a greatei 

9 ' 

* Rol)erts-Austt‘j^ai)fl Knso. Pror. Hoy. So<',.^ 15'OJ, 71- ^61. 

^ Ou^rtlcr and Taimnaim, Zehsfh amnj. 42 , 353. 

® Gautier, Bull. Soc. d'Ent' p. VLul. naiionuP., ^896.* 

* Gautier, Contribution it titndc des alliiKjes, Pans, ijov 

® Shepherd, J. Phyunil Chcvi., 190.5, 9 , .501. 

® Levin, ZeitHch. o.norg, Chenu, 190.5, 45 , 238. 

’ See, fortlfull discussion of these, E. F.^Law, Alloyn (Giiifiit ^ Go., 1909). 

* Kortef Trans. Chrm. 3>c., ^90.5, J18, 1.503; Greighton, Zcitsch. anory. Ckem'.. 
109, 63 , 53; Johnston an*d Adams, J. Aiwr. (them. Soc., 1911, 23 , 829. 

* Ah^gg, (oiory, Chem,, 1904, 39 , 330. 

Tammann, ZtHsch. kl9l:trorkem., 1908, 14 , 789. 

Guei’tler, Zcitsch pkysikal. ('hem., 1910, 68 , 177. 
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qviauviu/ m ••iDSTAiice thAi corresponds to tl»e ordinary solubility wl^d.is sfd 
to ho sv^er$atm'af€<t vSudi •olutions con readily be prepared by’heating U 
sodium thiosulphate, sodium acetat^o, or sodium siflpluitc with water, 
allowing to cool without agitation. * 

8 upor.suturuted solutions, however, are always liable to crystalHs 
spontaneously, particularly on exposure to air. Lowell^ was j^parently-th 
first to show, h/^cver, in tlic case of sodium sulphate, that cryslallisatioi 
wtis not induced by contact with air that had been previously passed tbrougl 
wateV, sulphuric acid, caustic alkalies, gl)\ss'\vool, or even tlirough a series-p 
empty flasks, Fifteen ye^vs later Violotte'^ and (leniez ^ independently thre\ 

\ considerable light upon the subject by showing tliat the spontaneous crystal 
lisiition of supersaturated solutions of sodmm sul]»hate in contact with air’ii 
iuc to tho presence ot minuhi crystals of the salt in suspension in the ,^tter 
ivhich serve as nuel(M Htimulatiiig crystallisation. Hence by washing or filter 
lug tho air Liiwell had removed these snspeiiflcd nuclei, and in consequeucl 
retarded crystalliHation. hecoq fie Boishaiidranshowed, in tho followinf 
year, that not only could minute crystals of the same substance serve 
nuclei, but that crystals of isomorphous hfxUeB yield preefsely the sam< 
result: and it^s now kjmwu that this pro])ertY is shared by matiy substaucofi 
tluit are not strictly isomorplious with the dissolved salt, provuV’d their mole¬ 
cular volumes die closely similar.'’’ (.)st\\ald siiowed that nuclei weighing only 
10 gram were usually quite sufiicient to induce crystallisatiop of 
supersaturated solutions. FuillKirmore, it appears from numerous researches’ 
that mere meciianical friction is sufiicient to iinluco crystallisation, such ery^ta' 
lisation taking platv.'^n tho complete absence of crystallini' nuclei. 

Supersaturated solutions of liquids in liquids have only hoon realised ii 
a few cases,hut supersaturated solutioiw of gases in liquids are no 
uncommon. The addition of any powdered sulistanco to a soliftion 
however, will break down tlie supersaturation since the gases in the por® 
of the powder act as nuclei. Snpersaturation of ibis kmij difi'ers fron 
that considered above, inasmuch as the imt’lei imniediataly escape from thf 
liquid, wlierei)}’their influence is severely limited. 

It will be clear tliatfa supersaturated solution of a solid in a liquid cafinol 
persist in the prescntfft of the jolid piias('. 

Tiik \'Aroirr^ PaicssuuK of .Som.’tion.s. 

The Vapour Pressure of Liquid Mixtures Oinstant Tem¬ 
perature.— As a general rule it may be said that when one lupiid dissolves 
'in a second, the [ircssure exortt'd by the mixti of vapours ijf less *than the 

‘•Ll)wel, Ann Chini. I’hijXy, 1850, fiii.], 29 , 62.* 

® Vi(»lcttc, ('(rmpt. rend., 1S65. 60 , ?<31. 

^ Ocrnc!^, rend., 1865, 6o»8;i3 Sot* also I8G5, 6o,ii027 , 1.S66, 63 , 848. - 

• * Tmoesol' soduun salts ar? always ju-.'seiit in our island aUHos[tliore, and these yield 
8'Xlium sul}>hito and .sulphate by union with the oxidos of suljthur jtroducctr during t^e 
oombustiou of coal, etc. » » ^ ^ ' 

® Boi.sbaudraii, Ann. Unvi Phy.^., 1866, [iv.], 9 , 178; see also J. M. Thomson, Zeiisrk, 
'KrJ/at. M/n., 1881, 6, 94 ; Ostwald, Lchrhi^h, vol. 11., part 2, p. 780 
® See Iboniorphi?in,*]ip. 70-74. ^ •» 

’ A. H. Aliera and his pupils, Tra«.s'. f%<<H.^Vr.,*1906, 8 p. 413 10l5 ; Pro^^Jtoy. 

1907, A, 79. 322; B. M. .lories, Tkihs. Chcni. Soc., 1909, 95 , 1672; Young, J. AviiK" 
Ch$m. Sm"', 1911, 33 , 148 ; Young and (’rose, ifnd., 1911, 33 , 1375. ^ 

« H. S. Davis,/. 4p<!r. am. S'oc , 1916, 38 , 1166, • 
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^Qj st cue inaepenaettt vapour pressure^. This is true whitliJi tlie'ljqutd 
miscible or arc capable of beinjj mixecl in all proportions.’’ 
■■-:£ .©h the other hariil,'if two liquids uj’o insoluble one in tho other, eacl 
exerts its own vapour tension indopondently of the otlier, and tho total vapoui 
hre^ro is t{ie sum of tlio pro.s.sui'es exerted separately by the two vapours. 

, Dealing with liijuids whicli can mix in all proportions, it has been founc 
that the curve representing tho relation of the vapour tension of the solutior 
at POp^taiit temperature to the ^molecular coiiceiitratioii, follows one of the 
three, general typos shown in fig, Ki..! The simplest is type I., lying ovenlj 
between the values for the separate coiistituoiits, ahd in tlie limit is a perfectly 
straight. lino, so that tho vapour pressure could be calculat'd if the coinpesi- 
tion were known.^ Tlic more closely alike in cliemieal .uid pliysioal behaviour 
the t»o .liquids are, tlie more closely does tlic' vapour tension curve of their 
[ttuctures conform to type 1. jl'liiis, etiiyl chloride and ethyl bromide give a 
curve wliicb is practically straiglit; inotliyi 
alcoliol and water give a curve with slight 
convexity upwards—tho ciirvaturo is more 
pronounced witli etliyl alcohol and water; 
wliil.st propyl and tlic liigliev alcohols with 
water yield a curve witli pronoiiiicod maxi- 
imiiii values, corresponding to typo IJ, 
Tliere is tlius a gradual passage from typo 
I. to type II. as the ditlerence in properties 
bi'tweeii the two liquids becomes greater, 
laipiid o.xygen and niViogeii give a vapour 
teiisioii curve whicli is nearly straiglit and 
that for oxygen and argon coiiforiiis also to 
100 % type I.* 'I’ype III. has a miiiiiiiiim value, 
Tie. 53. 4- o,'ii the other hand, and represents flie fact 

, ■ . . ' ^ that the vapour tension of the mixture may' 

« 1^ than that c. citlier constituent; etf. formic acid and uater.' 

1 ^-iquid Mixtures at Constant Pressure.—A 

wution boils when its total vapour pressure equals the external pressure, 
he (omposition of tli3 vapour which passes ,/iver depends on the character 
r.the liqujds riiieil. Thus, with licpiids giving tho curve of type II., tho 
apour pressure of any mi.xtiirc is always greater than that of tho component 
, required to form the mixture of maximum vapour pressure. 

Therefore, wliell such a solution is distilled, tlierc is no separation into tho 
two coinponeiits; the liquid which comes over first as distillate is a iiiiiclure 
-■of the two components; and tho residue continually approximates in com- 
. p^ition to the component jn excess. Thus, the boiliiig-poini,.s of water and 
of 'propyl alcohol respectively are'100” and 97'2" tit 760 mm., but iiii'xtures 
uistil at temperatures below 97'2°. For instaiioo, the uiixtiiro contain- 
ing 7L'7 per cent. Ily weight o." Jiropyl alcoliolyOorresponds with tho maximum 
.•^int on the vapour-pressure curve for 87-7”, and at that temperature its 
■yapour pressure is 760 mm. Hiince tho mixture s’isHls as a whole at 87-7*' 
■'fWithout change of temporaturc or composition. Any two substance.s giving 

■ See Rcglia-.llt, Ci/mid. renU.'WA, .343, 397. 

* K'cWlovalow, Wied. Annalcu, 1881, 14 , 34. 

• Sco Zdtsek. physikal. (Jhenu, 1900, f<, 129. 

^ Inglis, Phit, Mag,, 1900, [vi.J, ii, 640. 
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curve of. t'J'^e 11., siniilirly give what is known as a constant boiling 
toixture or ini.’iture of minimum lioiliug-point. ^ Sucli mixtures were 
once thouglit to be compounds; lait with alteration of the pressure the' 
compositions of the distillate and residue were found to vary, thereby 
characterising the litjuids as mere solntions. • 

Liquid mixtures giving a vapour-pressure curve of type III. ftistil in such 
a way that the distillate first coming over is mainly the c<?njponont in excess. 
The residue, therefore, continually approxinnit^’s in compo.sition to the mixture 
of lowest vapour jjressnre^^aiid eventual]^ tlierc distils a second type of 
constant boiling mixinro- namely, a mixture of inaxiimim boiiing point. 

Only witli liqiFils gi]dng a curve of the first type is a sepaiation into the 
two components theor^iucally possible. The distillate always contuiue more 
of the higher vapour pres.sure fomponent and obviously tlie residue mote of 
the lower. • ' 

Moissan and O’FarrcIley^ ha^o sliowui that the binary alloys containing 
two of the metals Cu, Zn, Cd, Pb, and 8n, follow one or other of the three types 
of curves. Thus, Sn-Pb follow tyjie I.; Cu Ph, typo 11. ; anc^Cu Sn, type • 
III. The last-named alloy upon di.stillatiou yields a constant boiling mixture 
c^taining GO 
^ Fraction 

curve of type 

first obtained bo4;edistiI)ed or scparat(‘d again into distillate and residue, the 
second dLstillate will be riclier tlian tlie first in tlic more volatile compoiwjnt; 
and fnrtlicr treatment of the first rcsidiuj in similar manner will leave a 
residue of the seconcT component in a still j)nrer state. By continuous 
repetition of these processes, sf'paration may be made almost complete. Or, 
instead, the distillate may be collected in a nitmberof soparatt# receivers, in 
wliich case the first runnings will l.>e vtuy ricli in one, and the residue ricli in 
the second component. Such a process ii^kiwwn m ffacfiffiial 
tt the mixed vapours be passed up a column, oj^ tlirougli a still-he/ld consisting 
of a scries ot bulbs, and thereby cooled, the higher boiling coiiqxment is con¬ 
densed more than the otl^er, so that the vapour passing out of -ihe hea(?*of 
the colunm consists nuynly of the lower boiling liipiid.'* 

In inorganic chemistry fractiorjal distillation is empffjycd to separate tlm 
various eonsfllutmts of tlu^ atmospluu-e from liquid*air.*’ R is jflso ^ised as a 
method of purificjition. {See Cliap. VfJ.) 

The Vapour Tension of Dilute Solutions.— Tlie prec^iding sections 
have been concerned witii the vapour Lensions of solutions of any strength, and 
it has been seen that whenever solution occurs the pressure of the*mixed 
vapours is always less than the sum of the separate pressures. W'hon the 
solute is non-volafile tlie vflpour tension of 4he soVition is always less than 
that »f the pure solvent, ^’ho earliest investigations of the vajiour tensions 
of solutions dealt with non-volatile solutes. Thus, von Babo*^ in 1848 


piw cent. Sn.' 

ill pistillation.—Even when the liquids liave a vajfour-pressnre 
J., perfect separation is in practice impossilfio. If the distillate 


* Moissan and 0’F8iTrilcy,d[7«»y>^ rtfwri., 1904, 138 ,^6.'9. • 

• Soe also Groves and T. Turner, Trans. Ghera. ISoc., 101 *2, lOi, 686 . 

• The method by which the sopaiation of liquids from a mixture is effected bears a 
"considerable resemblance fo the method, explained in Vol. IV., by which soyi.sarc s^arated^ 

% fractional crystallisation. • ^ *• 

^ - * For a discussion of methods and apparatus for the separation of liquids bwlistillation, 

;'4«& ^ung, Fractional THsWlation (Macniilltm k Co., 190 s), 

♦ See this vol., Part II/j Vols. VI. and VU. for nitrogen%nd oxygen, 
sy ♦-Ton Babo, |ee Ostwald, Zehrbueh, i. 706. 
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discovered lliat the ratiouhore^/ and %> are^ho vapour tensions oi an 
aqueous solution and of wntor vcspociively, is indopundent of the temperature, 
and Wullner^ found that the lowering of vapour tension produced by a 
non-volatile solute was proportional to the concentration. These regularities 
were further tested hy Viirious worhors, hut most tlioronghly by Kaoult,^ 
who used a*l'anety of solvents in addition to wat('r, and many types of solute. 
He found von iiiiljds Tiaw to he true, and, for solutions which were nUt strong,' 
Wullner’s haw also. Much nuu’^) striking than those regularities was liaoult’s 
*di8c6very that the molecular lowering of vapour ;tvnsion of any one solvent is 
the same f(»r dilTcrent suh^itanees. The laws rogaidiiig the vapour tension of 
' dilute solutious nuay therefore he stati^d as follows:— • * 

1. Tlio ratio of Ihi! vapour tension of the solution-to that of the solvent 
is independent of tein[)ei.itnrc (von llabo’s Law). 

“ 2. The lowering of vapoiK’ toiision (for a non-volatile solute) is proportional 

to the concentration at constant temperature (Wiillner’s l^aw). 

3. Equiinolecnlar qiuviititios of diirercnt substances dissolved in a fixed 
'quantity of the same solvent produce equal depressions of the vapour tension 
(Itaonlt’s l.aw) provided the temperature remains constant. 

The molecular depression of vapour fension is a constant, C, defined by 
the equation 

p in 

whore M is the molecular weight of the solute, m the amount of it per 
100 grams of solvent, and p and p the vapour tensions of the solvent and 
solution respectively. , 

Raoult found tliat the relative depre.ssioii is equal to the ratio of 

the number/)f moleciiles of solute^) to tlic total number of molecules present 
in solution, ' i 

. ^ P - P 

< • "* -- 

p -I- n 

(r ' 

\vhere N is the nuinber qf molecnlc.s of the solvent. For^dibitc solutions, 
this reduces to 

P-P^'^ 

' p N 

with siillieitiit accuracy. Owing to ionisation (sec ]». 211), acids, bases, and 
salts give abnormal values for the molecular depres.sit)n jiud do not follow 
Wiillncr’s Law. '■ ‘ 


ThIC FjyJEi^lN’U-PoiNTS (V-’ SOLUTIONS. 


• More ilian one hundred and twenty years ago, Blagden ® discovered that 
■iti?** frec'zing-point of a solutIVin of a salt in watdt lies below that of pure 
^ or itself, the extent of the depression being proportional to tlie concentra- 


-t ^ Yr, Pvgy. JtimUn, 1866, I 03 , 620; 1868, 105 , 85; 1860, IIO, 664. 

1 g tompe rnid.flB^Q, 103 , 1125 ; 1887, 104 , 076 and 1430; 1888, 107 , 442; 

2 *5)'376 ; 1800, [vj*2,20,297 ; Zeilsch. r^Mkal, Chem.y 1888,^ 858.- 
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{ion of the^saft present. Cjatcr workers^ have studied this phenomenon in 
greater detail. , 

llaoiiU’s experiinents on froczing-{^)iiits were not*confiiiod to solutions of 
salts in water, but included investigations of other classes of substances 
dissolved in a variety of solvents. From his results tbo general* conclusion 
may bo drawn that within certain limits, to be considered below, the addition 
of any suostanco to a solvent brings alK)iit a lowering of*the freezing-point 
of that solvent, tlie extent of the depressiontiucroasing with the amount of 
substance added. This sUi^emont, it inay'bo noted, is only true so long as* 
the substance which separates out on freezing is tlicpure solvent. 

These facts uuty bo studied by returning in the first place to a considem- 
/ tion of what occurs when a dilute solution of a salt— sodium chloride, for 
example—is cooled from 0" downwards. Fi’oeziiig first occurs at a temperature 
below 0°,de[)endingon the amount of salt added, mid the solid which .separates ‘ 
is pure ice. Hence, by this process, the salt solution left is more concentrated 
than the original one, and will have a still lower freezing point. Hy continued 
cooling, tiicn, the water continuously separates as ice, aud t^c remaining 
solution becomes more and more concentrated until saturation is iM(aohed. 
Obviously, at tlAs point, separation of ice must also bo accoiiijanied by a 
deposition of sultpund solvent and solute separate out side by side. Moreover, 
since the couceiitration of the solution is mainlained at a constant value, the 
freezing-point mmit also remain constant during the separation of ice and 
salt together, (lnthrie,^ who investigated the continued action of cooling •on 
a solution of soilinm chloride, believed that the ice and salt separated together 
as a compound, to which he gave the name cryohndrate^ since complete solidifi¬ 
cation occurred always at - 22* and tlie amount of sal t present was 23T) per cent. 
The sopara,tion of the components at constant temperature and inconstant pro- . 
portion, not as a compound but as a mixture, is to bo expected, however, from 
what has been said above, and the phenofficnon is in •accordance with the 
reipiiremciit^ of the Fhaso llule fsco p. 174).* Apart from j;hiH,*the ice can 
be removed by washing with alcohol, the physical properties, such as specific 
volume,^ arc those of a nyxturo, and, finally, microscopic cxainin.vaWii reveals 
the sefiarate existence the two components. ^ ^ . 

The cryohydrlc temperature,•or temperature at whicli comjdetc solidifica* 
tion occurs, is oRvionsIy the lowest temperature to which a*solurion t>f sodium 
chloride can bo cooled. All salt3 dissolved in water bidiavo similarly, the 
actual cryohydric point depending on the nature of the salt •The following 
substances may bo quoted by way of illustration ^ 



of WuU-r j»(‘i 
ftlolonile of Salt. 

NiiCl . . . . 1 -22 “0. 

10:6 

KoSO, . . .% - 1'2 

• 114^ 

NH,(1 . . ' 15 

12-4 

NIM . . .. . 1 -27-.5 

6-4 


* Hudorf, Vogif Annaien, 1S6], I14, C 8 ; ISGi, Ii6, f>5 ; 1871, 145 , Dai* Copp<A, Ann ,, 
Chivi. Phy$., 1871, fiv,], 23 , 360 ; 187i, 25 , 5ff2 ; ifiid 26 , 98. Jiaoult, ibid., 1883, [V.I 28 , 
188 ; 1884, [vi.], 2 , 66 , 115 ; 1886, fvi.J, 8 , 289, 317. • * 

® Guthrie, Phil. Mag., 157.5, [iv.], 49 , 1 ; 1884, [v.], 17 , 462. 

Offer, Sitzwigahcr. K.’Akad. fVins. iri«!i||*1880, 81 , li. 1^68. 
bdiicroft, pie Phase Huh, Now York, 1897. 
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Instead of starting with a dilute solution of suit and condfehtpating it hf 
removal of ice, we ma^ proceed by continuously adding the salt in'small 
quantities at a time, and making a determination of the freezing-point after" 
each addition. In this way a freezing-point curve may he traced (fig. 54)/ 
plotting temperature of freezing against concentration. Starting from 0 , 
the lower IKnit of tlxc curve will be reached when the solution is saturated - 
and the oryohydiic point is reached. This point must also lit) on the 
solubility curve of tlio salt in wjater, so that the cryohydric point is the point 
''of intersection of the freczing-poii^c. curve and the^solubility curve. 

The solubility curve may be regarded as a second freezing-|K)int curve, 
for just as the original freezing-point c\irvo represents the^jeries of equilibria 
at different temperatures, between ice and tlie salt sedtition, so the solubility 
curve deals with the e<piilibria between the solid salt and the solution. On 




Con.:entration Concentration • 

Fio. 64,—Freeziii^-jiojiiLcurve Fio. SS.— Frecziiig-poiiitciuvcs Sii-Bi. 

Qfsodiunyjlilorkly 111 vater. 

^oohiig, ice separates out along Al), and salt along CB. The curve CB may 
be likened, tl'.erefo’'c, to the free/ing-point curve of water dissolved in salt. 

The two freezing point curves can be realised if solutions containing com¬ 
ponents otlier than salt and water are studied. Many metallic alloys behave 
exactly like a salt solution when the liquid alloy is cooled. Fig. 55 ropresenta 
the freezinggpoint diagram for tin and bismuth. If bismuth is continuously 
dissolved in molten tin, the freezing-point of the latter falls gradually until 
saturation is reached, an^ then deposition of the two mCbils at a constant 
temperature and in constant proportion occurs. This point cannot be termed 
the cryohydric point, since water is not involved; the general term eutectic 
is employed, tho’^alloy whieU solidifies held having the eutectic composition^ 
For bisihuth and tin this eutectic composition is 45 per cent. Sn and 66 per 
cent. Bj, the eutectic temperature being 143°.'i ^.By starting with bismuth 
and adding tin, a second freezing-point curve is obtained ending in the eutectic 
point as before. Along AB, crystal# of tin separate (When the solution is 
'Cooled; alon^ CB, crystals of bismuth. t 


^ Gaufter, Bull. Soc. d'Enc Ind. Nationaif, 1896. See also Gfflliver, Alloys (Griffin &<3(X, 
8 nd edition, 1913), where the properties ana constitutions of alloys ai-e fully discussed. ’ 
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' Fig. SBje'Jj^'eserits the (Wagram for lead and silver mixtures. The*eutectic ' 
temperature is 303°, and the ^itoctic alloy contains 4 j)or cent. Ag.^ '■ 

It is obviously impossible to concentrate a solution of silver in lead beyond 
the 4 per cent, strength by removing lead as in Pattinson’s process,^ 

The foregoing type of freezing-point curve is obtained only when the - 
two components do not enter into chemical union and a hen they jfre incapable 
of forming solid solutions.^ • 

When compounds are formed, for every ci^npotmd produced, an additional 
branch is obtained coAta^i^ing a maxiiullm point, if the compound has rf • 
definite melting-point under the prevailing pressure. Thus, with lead and 
magnesium * (fig. ^), magnesium separates out between A and 11 as cooling • 
occurs; but at 13 tlio •^itootic alloy deposited is found to consist, not of 



Mg and Pb, but of Mg and crystals of a new substance. •: mo eutectic 
alloy be remelted and more lead added, the freezing-point rises and the crystals 
-•separating on freezing are of neither Pb nor Mg, but tlm new suiistance. At 
the maximum point C, the com[) 08 ition 8 of the liiihid and the crystals 
separating arc me same,* so that at this ♦poiut*also, solidification occurs 
as a Whole and at constant tempei'ature. Since we are dealing at C with 
only one crystalline form, the uoint C must re|)resent th^; meltirig-|X)int of' 
the^compound produced (PljMgjlf Further addition of lead lowers tjiis melt¬ 
ing-point, crystals of the compound continuing to separate as we pass from* 
C to D, until a second euteAio is reached, coiftisting of tlie new compound 

Ileycock and Nevilte, Phil. Trana., 189t, A, 189 , 883. 

* Cf. the Pattinaon prooftsa for desilvflriBiii# lead, V<Js, II. and V. 

* Two compouenta which form solid solutions 10 a limited extent only also ^ve<a double 

branched freezing-point curve, but in this case the crystals separating out are not the ’ 
■pdpe solvent * ^ 

* Grube, Zeitach. anorg. CkeiiUy 1906, 44 , Tu, 
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• and iearf. The curve Kl) is obtained cither by rei^iolting this locond eutectic 
and continuing the addition of lead, or by staVtiug out with lead and add¬ 
ing magiiosium. The crystals separating along Fd) are those of lead. 



Concentration 

Fin. 67.—Frc'‘ziiig*])oint curve, Mg-Pb. 


Whenever compounds can be frozen out from .solution (and the pheno¬ 
mena are not complicated Ijy the formation of solid solutions between 
the compound and one or other of the single components), an extra branch 
of the freezing-point curve and an extra eutectic point appear in the diagram 
for each cojnpoiind mrmed. Tile maximum point on each added branch 



• Con'ienbrabton 

Flo. 58.—Freeziug-poiiit curve, HNUa-water. 


^ves tt^e melting-point and the composition ofrthc compound, inns wiiii 
•nitric acid and water ^ two compounds are formed, namely, HNOg..31f^O and 
■Agafii, with ferric chloride'and water, four hydrates, 
Fe2Cl,j.l2H20, Fe./1I,(.7H.^0, FcgClo-SH^.O, and Fo2C1^.4Il20, are known, and 
^each ppssess^ a definite melting-point. These points"are indicated by the 
maximum points in the curvb (see pV 106). 

A study of the freezing-point curve is one of the most frequently used 

’ Kustflr und Kremanii, Zeidch, aiiorg. Chem., 1904, 41 ,1. 
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tTfieans of tjpstftg whether^or not two substances, wlien mixefl togetlftr in the 
liquid state, unite chemically* 

The third class of freezing-point curve represents^the behaviour of liquid 
mixtures of substances wliioli are soluble in one anotlier both in the liquid 
ind in tlie solid state, so that when freezing occiu's, the ervstajs deposited 
contain ix'th constituents, and arc thus mixed crystals or solid s^ilutious. If 
tlie two iubstarices are soluble in one another in tl>o solid state in all pro- 
^rtrons, the freezing-point curve takes one of tlie throe biriiis drawn in 
ig. 59. Most pairs of inorganic substai?«e* follow type I., Bt- Au,2 

4g-Au,* and Oo-Ni'* pro*^ding exatnjiles. 

Mixtures of wgrciiric bromide and mercuric iodide have a freezing-point 
lurvc of typo wlji^h exhibits a minitniiin point. But little is known of 



^ Fici. .W. 

examples of type II,,*althou!^li»niixtiircs of manganestfand its carbide,Ulnjf!, 
appear to fbllcfw this type.'^ It will be noticed rtiat thoJ.hre9tyjws of curve 
correspond with those which represent the vapour tensions of liquid mixtures. 

In order to understand thoroughly the behaviour of mixtures of* iso- 
morphous substances, or tliose which form solid solutions, the melting-point 
curved of the solid substances separating mu.st also bo reprosentodj^for the 
composition of the solid phase (iepends on tliat of tke liquid from which it 
separates (see pMOO). 'Fhese melting-point curvqs •'vre shown as broken lines 
k t*ie figure. They coiqpidc witii the freezing-point curves at the maximum 
and minimum points. 

• If the solubility of the twd•substances in <he solid ftate is limited, the' 
freezing-point curve is noC a continuous line, and the break is fhore p^O'^ 
nouncod the more limited the series of m^ed crystals. Figs. (iO and cl 
indicate the two typos obtainable. There is an appreciable break in the 

1 Gautier, Bull. Soc. Euc. kff. Nationa^e, 1896, ** • 

* Erlianl and Schertel, JaM'tnich und Sullen-wesm, Sacliseu, p. 17. 

* Roberts-Austeii and Rose, Proc. Boy. Soc,, 1903, 71 , 161. • • * 

* Gucrtlerand'Bammanii, Zeilsch. anorg. Cfieni., 1901, 42 , 363. 

® Reinders, Zeitsch. physikal. Cketil^, 1900, 32 , 191. 

® R«tr, 1912, 45 , 3139. 
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Hg-Ca Curve/ but it is only slight compared witl^itbat in tW ^l^fOg-KNO/ 
ciirve.2 In type B, lowering of freezing-point Occurs with the separation of 
mixed crystals coutainfug only a small percentage of the solute, until the 
solvent becomes saturated and a eutectic is produced. No eutectic is formed 
with a mixture belonging to type A, but a transition-point is observed. To' 
each freezing-point curve there is a separate melting-point curve. The hori¬ 
zontal lino in the diagram merely indicates the temperature at wh'ch there 
are in equilibrium the liquid solution and the two sets of mixed crystals* 



A further exi^nple of tyf»o A is provided by AgNOg-NaNOg.® Another 
example of type B which may be quoted is Au-Ni.^ 

In a'Jdition to the three classes of freezing-point curves already given, cases 
occur in which compoifnds produced may form solid solutioiis with either or 
both of tlie compounds. The resulting curves can readily be deduced by con¬ 
structing the full diagram from the separate cArves for the two binary 
mixtures, the conqy)und and constituent A, thp compound and constituent B.® 

« ' Bijl, Zeilscl }'hysikal. Chem., 1902. 41 , 641. 

* Van Kvk, Zeitsch. pk>isiknl. Chhn.., 1899, 30 , 430. *’ • 

* Hissink, Zeitsrh. phyiikal. Chem., 1900, 32 , 542. 

* Levin, Zeitxeh. anorg. Chem.., 1905, 45 , 25'b » 

^ ® For,a more fefmplete account of freezipg-p^intdia^aras, see Findlay, The Phase Pule, 
Srd edition (Longmans & Co., 1911) I'^Coerens, ‘Inirodmion io Mdallogrnphj, translated by 
IbbotsoD tLoaginans Co., 1908); Desch, Metallography (Longmans & (>., 1910); Desch, 
I'nlermetalU'’. Compounds (Longmans & Co., 1914); Gulliver, Alloys (Griffin k Co., 2lia 
edition, 1913). c ^ 
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>> fractional crystallisation or Liqflation. - 

wetalliaatioi) as a means erf s^sparaang two substances in a state of puriti 
irom a mixture is comparatively biiyple when each ^^omponent, acting as the 
fiolvont, freezes out in the pure state; but when tue substances form mixed 
crystals, sepjiration can only be elTected by a lengthy repetition pf the procesa 
as with fractional distillatihn, and there are certain cases in which no separation 
can be^rought about. The process necessary will be uiiderstood by reference 
to fig. 62, which shows a portion of the fniezing- and molting-point curves oi 
mercuric bromide and iodide. Since th^iu-ves are (oTnperaturc-concentratM>n 
curves, it is obvious that^e solid separating contains more of the bromide than 
the remainiiig huiud. At tlie temperatures and the concentration! 
of mercuric iodide in #ie crystals are represented by A, (J, and E respectively: 
m the liquid, by B, D, and ¥. As the temperature falls from t, to both 
liquid and the deposited solid vary in composition. If, on the other hand, 
the solid separating at be isolated and heated, the temperature must bo 
continuously raised before complote melt¬ 
ing is obtained. Starting with crystals 
of composition K, and applying heat, 
there will bo present at temperature a 
liquid of ooinjiosition 1) and unmolted 
solid of composition C. If this still nu- 
meltcd portion be isolated and ho;ited to 
ij, the solid n^ remaining is still richer 
in mercuric bromide. By a methodicnl 
repetition of these proccssi's many times, 
on each fraction obtained, uniting por¬ 
tions that are similar in composition, it 
is possible to obtain finally a specimen 

of crystals which contains practically mp ^Concentration 

iodide. A mixture of mercurie bromide Fio. C‘J,— Fractional cuystalUaution of 
and iodid% can tiins be separated into • i.^oinorpl^us mixtures, 
two portions, either bromide and the • . - 

mixture of bromide anfl iodide of niininiiim freezing point; or uxftde, and the 
minimum freezing-jibint mixture, according as one.stifrts with a mixture 
rich in bromide or iodide respocitively. Oniy.with a,cui'v% of Jiype I. 
Bi*-Sb) can a separation into.tlie two c institueiits be made. Thus, the 
process is strictly analogous to tin? distillation of liquid mixtures. If the 
compo.sitioii of the mixture be that of the maximum orViinimmn point, 
wheie the freezing- and melting-point curves coincide, no separatiqii can be 
made (unless the pressure be varied), the mixture i^ehaviug* as a chemical' 
compound of likifinite naelting-point. 

^The Freezing-Points of pilute Sbluti^hs.— As indicated on p. 114, 
Blagden and subsequent workers found that the lowering of the frpozipgpr 
point of a solution was promotional to thi^ concentriftion of the solute. 
Raoult made a thorough Cest of this relationship,^ using a variety solvents' 
and including many o^gario solutes, as welj^s, in aqueous solution, the safks 
which previous investigators had studied. Blagden'a Law, that tfie lowering 
of freezing-point i^ proportional to|thc concentration, was found to be true,, 
provided the solutions used w^ro dilute .anc^ it was furtherisliown by Kaoult 


’ Raoult, Compt. rt^d., 1882, 94, 1517j 95, 187 andl030; Ann. CkimfPhys., 1888. 
[▼.], 138; 1884, [vi.], 2,66. ^ ^ . 
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that when the same solvent is used, equimoleoular qni^tities of difftfeyt solutes 
produce equal lowerings of freozing-poiiit. It tlie«grarn-molecular weight, M, 
of tile solute is dissolved’jn a fixed quantity of a solvent—for example, in 
100 grams, —then the depression of freezing-point C° (termed the molecular 
depression) is,constant whatever the solute. The actual value is obtained 
by the use of»Iilagden’s Ijaw. For, if m grams of solute dissolved in 100 
grams of the .solvent hiwer the freezing-point A°, 

C f : >u, 

C=^. 

m 

Conversely, having once fixed the value of 0, me previously unanovvn 
l»olecular weight of a solute ijan bo found. 

It is now usual in defining C to make the fixed amount of solvent either 
1 gram or 1000 grams, when G is either one hundred times greater or ten 
times smaller than in the above case. 

Electrolytes'depart from the laws of dilute solution enunciated in this 
section, just as they do in the case of the vapour-tension laws. 

# 

Osmotic Pressure. 

When a siihatance passes into solution, it becomes unifonnly distributed 
throughout the solvent, and in various ways its behaviour in this condition 
resembles that of a giis. * 

That a close analogy exists between the gaseous and tho dissolved states 
is evident from ^ consideration of the process of diftiision in tho two cases. 

A given quantity of a gas will expand to fill any space into which it is 
introduced, wheth®? space liatV previously beon evacuated or contains 
some other gm. If a gas is present, the rate at which the added gas ' 
distributes itself is considerably retarded. Tlie diilusion or oxpafision may 
Occui;even jiigainst gravitation, as when a heavy gas, or vapour ((’■!/• bromine), 
is introduced at tho bottom of a cylindrical vessel, fjlke a gas, a substance 
in polution distributfes itself throughout the \vhole volume of solvent. If 
a beaker of oonceiitrated copper sulphate solution is placed in a*lai^e trough 
and the latter carefully filhwl witii water, tlie salt gradually diffuses in all 
directions until Jho solution is of uniform concentration throughout. The 
rate of diffusion is very mucli slower tliaii tliat of a gas, owing to the 
great reeflstancp to movement encountered, but in other respects the' two 
processes are essentiaWy alike. Since tho particles possess mass and 
velocity, there must in eacl^ case bo some driving ferce or jyicssurc, which, 
in the one case gives rise to gas pressure, aijd in tl)p other {i.e. in soldtitn) 
to osmotic premire. 

Gas pressure is* readily Measured at tl«<? surface or envelope whicU 
isolates thb gas, and is due to the bombardment of the surface by the 
i^lecules., Although it is easy^to measure total gasepressure, it is not e^y 
to determine the pressure set up by a single gas present in a mixture. The 
measurement ig^ possible if the pressurefdue to one gas .can be eliminated 
hr bringing it tb some fixed vaiue,^or«examji<e, atmospheric pressure. To 
this end it ig necessary for the containing ves.scl to be constructed of some 
material which exerts a selective action, allowing one gas to pass through 
it but not the other. The possibility ofMetermining the pressure of nitrogen 
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tn a Kii^tft^e of this gf^s witli hydrogen has been donionstratod Ramsay. 
A palladium tube contiiini^ig the inixturo wiis closod }>y a manometer aB< 
surrounded by an atniosphere of Jiydrogcn at at which tompeAtur 
hydrogen diffuses rapidly throngli tlie inotal, whereas nitrogen is (juito unabl 
to do 60 Hydrogen therefore passed in until its partial pi essifre within wa 
equal to the pressure without—uauiely, atniospiu'ric. The tot*I pressure nov 
regist'.'Ted exceeded one atmosphere, the excess being di^o to the nitrogen. 

In a similar manner, the osmotic ))r(*ssnre of a substance in liquid solutior 
can be measured if the action of the'«orveiit molecules can be eliminato(| 
For this purpose, some ^oini-pcnneable partition—that i^, one permeable U. 
the solvent buiimpermeable to the solute—is rof|nired. The solcotive actiojs 
of such partitions '4 ^arc available appears to be due to the power of the 
partition to dissolve one of the ooiistitueuts, which, in this way, finds s 
passage through from one side to the other." , ^ 

The surfaces of separation origin.ally used in the study of osmosis were of 
animal membrane. 1’r.aube ^ first suggested the use of membrauos composed 
of substances, such as copper forrocyanide, which are precipitated in th€ 
gelatinous form."* Of the various pr(‘ci})itation mombrancs* tested, this one 
has proved n¥)st useful. I’fetler,^ who made the first accurate measuromentfi 
of osmotic prq^sure, dej)ositcd the precipitate within tlie poresiof a cylindrical, 
uuglazed, earthenware cell, thus providing a framework whereby the deposited 
membrane greatly strengthened. The cells were thoroughly saturated 
with water to remove air, then filled with a 3 per cent, solution of 
potassium forrocyanide and allowed to stand in a solution of copper sulphate 
of the same strcngtii for some days. I’lic methods of precipitation have been 
improved by later, workers, and include an electrolytic process in wliioh 
copper sulf)hate and a plalimim electrode arc placed within the coll and 
potassium forrocyanid(? solution and a copper (dcctrodc surrounding the cell, 
the solutions botli being fifth or tcntli n^)rmal. On^lie {^issjigc of a current, 
a membrane is formed lialfway between tlie inner and ontisr walls, which can 
be made Strong enough to withstand a iiressurc of over tlTTrly atmospheres.® 
Tf a cell such as has been described is filled \v»ith a salt sol^itioiipclosed 
by a stopper throufi(^i which a slrftight tube passes and then immersed in 
water, the latter enters tho#cell ancl the solution wse^ up the tubt^ at first 
at a rate appreciable within a few minutes, later more shiwl^^unttl a maximum 
height is attained. The entrance of water is due to the tendency of the 
solute to diffuse under the action of osmotic pressure; and since the salt 
cannot pass through tlic membrane, water passes into the cell from without 
untH equilibrium is attained, the liciglit of solution in the tube Above the 
water outside measuring tlie osmotic pressure. Owing to cfilution, through 


^ Ramsay, PInl. jVaq., B394, [v,],' 38 , 206. 

2 .Soo Nrrnst. Zeitsch. phyKikal. ('/inu., 1890, 6 , 88 ; RanuH, ihiil, 1895, ify, 737; 
tfamm.iiui, ibul., 1897, 22, 49c ; fiiiHiTi, CompL ren(P., 1896, 126 ,*1497 ; 1900, 131 , 1308; 
Crum Brown, I‘toc. Hoy. ^oc. E<hn.y 1899, 22 , 439, for au account of Ither theoriw 
which attempt to account f^r osmosis. • 

Truubi*, Archiv A7iawmie und VkysioloiiUy 18<f7, p. 87. • 

* For other precipitation membranes, sec Morse, Amer. (.'h'ln. , 1903, 29 , 173. 

* Pfeifer, Osmotui4ifi€ Unffrnuehun<j>’n, |ieip 7 .ig, 1877. ^ 

® For various method.s of preiwring o^ijnol^ pre^sme cells, see Adit, Trans ^hem. Sot.^ 
1891, 59 , 344 ; iMorse and Horn, Anicr. Chem 1901, 2 ft, 80; Movsa and Frazer, ibid.^ 
1902, 28 , 1 ; Morse and others, ibid ., 1911, 45 , 91, a83, 517; Berkeley aiW Hartley, T^it. 
Trans.y 1906, A, 206 f 481 ; d. II. Poyiiljitg and J. Thomson, FroptiPies of Mattes 
(Griffin & Co., 5th edition, 1909). ^ 



tibe entrance of water, the osmotic pressure thus regigtered is not iihat of, the 
'Original solution, and to prevent the entrance of anything more than a trace 
of water, PfetFor’s later mcagureineuts were made with a closed air manometer 
of capillary tubing coutsuning an index of inercnry, the pressure being 
measured by the compression of the air. 

The laws o,^ osmotic pressure have been deduced mainly by a careful 
study of solutions of„caiie sugar (sucrose). Pfeflfer found that the o«motic 
pressure of such a solution is proportional to the concentration, as is indicated 
by-the following results for a temperature of • 


Fercenta^o 

Coiicentratioii. 

Osmotic Pressure 
in Atmospheres. 

1 

0*691 

2 

1 * 3:57 

3 

2*739 

4 

4*046 


_ 


Further, it incr'^ases with rise of temperature. The following are Pfeffer’s 
data for a 1 per cent, solution of sucrose:— 


‘ ‘Temperature. 

Osmotic Pressure 
in Atmospheres. 

Temperature. 

Osmotic Pressure 
in Atmospheres. 

X. 


"C. 


6*8 . 

0*664 

22*0 

0*721 

1 : 5*7 

0*691 

32*0 

0*716 

14*2 

0*671 

36*0 

0 746 

15*5 

0*684 ' 



-■* 

X. 




It was d^'jovered by Van’t thai, despite the irregularities in the 

ibove figures, Pfetter’s results give considerable support to the theory that 
the^n^wB of osmotic pressure for dilute solutionrn correspond exactly with the 
gas laws. The temperaturo coefficient of osmotic pressure is approximately 
bhe same as that of gaseous pressure. Hence osmotic pressure (P) is 
proportional to t,he ab-solute temperature (T), or Voz T. Since also the 
Mmotic pressure is proportional to the concentration, it varies inversely as 
)be volume (V)/>f the solution, ie. P^ 1/V. Hence, wlmn temperature‘and 
joncentration both vary,* Pec T/V, or 

' PV=ll'T, 

vhere 'R' is a constant. For a 1 per cent, solution of sucrose at 6'8® C., the 
>3motic pressure is 0*664 atmos., or 0*664 x'^0 x 13*6 x 981 dynes per sq- 
and V, the volume which conjUiins 1 gram-molecule (342 grams) of 
lUcrose, is 342 X 100 c.c. Fiirthe';, T = 273 4-6*8. Ilcvaee, . 

H' = PV T = ^i! ^ ^ 

'r ‘ ^ (2l3 4-6*« " 

=8*23 X 10'C.tr.S. units. 


* Viin’t Hoif, Zeilsch, ^ihysikal. CAm., 18877'i, 481 j I'hil, Uag.t 1888, [v.], 26 , 81, 





" mUBiMt, SOLUTION, ANp SOME i^OPERlTES OF SOLUTlONiSI. ' i2i 

This vaUe^? in such exq^llent agreement with that of R in iho gas eqnatibi 
(p. 27) as to quite justify* Van’t Hoff’s statornent tliat the omoHc preesut^ 
of a substance in dilute solution is equal to ihep'i^ssure that it would exert % 
it were converted into a gas at the same temperature as^ and made to occupi 
the same volume as, that of the solution. In tho main, this Ktateiiicut bai 
been fully confirmed by later workers.' • 

Since Pfcffer carried out his measurements, the osmotic pressures of aqueoifi 
solutions of siicrgse have been tho subject of numerous series of experiment! 
by Morse and others, jjijjjssures of 28'*atniosphoros having been measureB 
witli accuracy.2 As a result it has been found that even when solutions oi 
only moderat(3*q()nce|^tration arc exannne<l, the osmotic pressures observed 
differ considerably irom the values that would bo expected if Van’t Hoff* 
Law hold good. Morse and Fra?:er^ have proposed tho following modification 
of Van’t Ilolf’s Law, as being more accurate than the original slatcmea*: 
Tho osmotic pressure is tliat which the substance w'oukl exert if converted 
into a (perfect) gas and the volume reduced to tliat of tho solvent in the pure 
state. Accordingly, Morso and his co-workers always prepared their solutionfi 
so as to be 0 1, 0‘2, 0 3 . . . times weight-normal in concentration, a weight 
normal solutwn containing one gram-ciiuivulent of reagent per 1000 gramfi 
of solvent. TJic following data for sucrose at 20’ will servi^to illustate the 
sujieriurity of Morse iind Frazer’s statement to that of Van’t llofl’wlien othet 
than dilute solutions are considered (pressures are given in atmos[ihereB):— 


Woigbt- 

Oatnotie 

• 

Obiiiotir 

Weicht,- 
N'ki nml 

OsIlKltll' 

ClllcuIfttPil 

osinotlo 

Prcaauro. 

Coneeiitrii* 

turn. 

obsiTveii, 

♦Vuu’t Ilolf. 

MikiSi! and 
Ft ii/aT 

ti(^ 

ubsvrvfd 

Vaii’t Ho(f. 

$ 

Morse and 
FYuser. 

01 

2-69 

2-34 

2-39 

• 0-6 

ir,<i9 

• 12-72 

14-34 

0 2 

.6-06 

. t-59 

4-78 

0-7 

18']3 

14i68 

16'73 

0-3 • 

7'61 

6 74 

717 

(>-8 

20 91 

ju* 16-36 

19-12 

0-4 

10-14 

8 82 

<}-:6 

0-9 

■23-72 

18-08 

21 61 

0*6 

12-7r> 

Jp 81 

11-96 

1-0 

2 t*(j 1 


JS-90 



Morse*anH Frazer’s rule, liowever, is only a^iproxinwitclyHnuf and broaka 
down completely when applied to the high osmotic pressures measured by 
Berkeley and HartloyA , 

The effect of temperature upon the osmotic pressure has been shown by 
MorSe and his co-workers to resemble that observed in the ^ase «>f gaseous 
pressure, if allowance is made for the combination ^iccurring between water 
and siicrosfl . ^ ^ 

^ The osinotic pressure of a dilute solution of a salt is not proportional to 
the concentration, and on conqiarison vith a non electrolyte a moleciilBr 
t- --•—-^-^-- 

* For a short account o{V#ii’t Holfs tlie.iry and its limitfitions, see Cha}» VI, '' 

** Morse and others, Amer. Chevi. 190,'i. 34 , 1 ; 1900, 36 , 1, 39 ; 1907, 37* ^24, 425, 

668 ; 38 , 176; 1908, 39 , 667 ; 40 , 1, 19-1, 266, 326; 1900, 41 , J, 92, 257 ; 1911,45, ®1» 
237, 333, 617, 664 ; 1912, 48 , 29 Prcssilrs as high os 134 almus. haw been nieasui^ by 
the Earl of Boikeley and E. Ilarrtcyf see# Berkeley and Hartley, Plhl, Trata.p 

1906, A, 206 , 481; 1908, A, 209 , 177 ; Ccrkoley, Hartle^, and Stephenson, 1909: 
A, 209 ,319. * ” ^ . 

* Morse and Frazer,*.<4wer. Chem. J., yjp5, 34 , 1. « 

• • ^ See L^is, J. Amer. Chem. Soc., 1908730 , 668 . 
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quantity o\ a salt always exerts much the higher qsmotic prcssurei As an 
example, the data for aqueous potassium ferrocyaiTido may be quoted:—^ 


Grams K 4 Fc(CNV, 

Observed Osmotic 

Calcnliited Osmotic 

per lOOgms. water 

Pressure (Atmosplieres). 

Pressure (Atmosplieres). 

13’580 

/9-25 

7-95 

8-897 

13tr2 

5 29 

6-631 

9-19 

* * 3*39 

3-03.^ 

5-n 

1*84 

1-618 

2 93 

, 0-93' ' 


For binary salts, such as soc^ium chloride, dilulc solutions have an osmotic 
pressure of approximately twice the calculated value.- These “abnormal'' 
values were first explained by Arrhenius on the assumption of ionisation 
(see p. 212). 

Indirect Methods of Measuring Osmotic Pressure,— The osmotic 
pressures of difierent solutions may also bo determined by compaKison methods. 
The contents of plant cells are ('iicloscd in semi-pcrmcable meipluanes, and if 
the cells are placed in strong salt solutions the protopla:;mio contents shrink 
!iway from the cidi walls, whicli latter do not alter their shape. If the cells 
are now placed in pure water, the protoplasm swells out again and completely 
fills the cells. From this it is clear that if the osmotic pressure of the solu¬ 
tion is greater than tiiat of the cell sap, the protoplasm* contracts—that is, 
olasmol^sis occurs. If, on the other hand, tlie osmotic pressure of the 
jolution is less l^han that of the \.ell sap, the protoplasm docs not separate 
rom the cell wall. Two solutions are therefore prepared, one of which just 
jauses plasriiolysis r herpas the othen. just docs not. The mean of these con¬ 
centrations gives a solution of osmotic pressure equal to that of the cell sap— 
n other word.s, the^solution is uofonic with the cell sap. Solutions‘ of otlier 
lalts may h^nre])ared in a similar niannei, and these are then not merely 
aotonic witli the cell sap hut also isotonic with one another.* By noting 
he dilihions rcijuired, the relative osmotic prcssiires of the original solutions 
an readily be calculated. » * ‘ 

In a somewhat analogous manner isotonic solutions maybe prepai^l by 
he aid of blood corpuscles, but for an account of the motliods of procedure 
he reader is referred to the subjoined references.’* 

Osmetic Pressure and Raoult’s Laws.— Indirect measurements of 


* Berkeley, Hartley, and Stejil^cnfeou, lor. rd. • ' 

® For tho re.sults of obiuotic prcsMiie ViieabUreniouts witli various salts, ace ae 
eilsch.^piiysi/fal. Chem., 1888, 2 , 415 ; 1889, 3 , 103; Adio, \oc. cit ; Berkeley, Hartley, 
!jd Ste^fhenson, loe. rit.^ , 

* See Ry 8 ‘'-^lbeiglie, Reaction osvMupie des cellules* Bruxelles, 1899 ; Prings* 

e^’s Jakrbucker ivissciutcka/lliche Botunik, 1884, 27 ; also de Vries, loc. cil. 

* Hamburger, Dubois-Reyinond’s Arclnv, {diysiologischix Abt., 1886, p. 476 ; 18^7, 

81; Zeilseh. phiisikal. Chem., 1890, 6 , 319; Zeitsch. Biologic, 1889, 414. Lob, 

tUseL physikal. Chem., 1894, 14 , 424. Grijiis, Verdagen Kon. Akad. Wetensch. Amst., 
eb. 1894: Plliigc* Archiv, 1896, 63 , 86 . Hflin, Zeitsch physilftil. Chem, 1895, X7» 
J4*; Pflnglr's ArcMv, 1895, 60 , 360.i Zeitsch} physikal. Chem., 1896, 16 , 261. 

assart, Archives de Biologie, Velges, 1889, 9 , 16. WladimiroflT, Archiv Hygiene. 1891, 
>, 81; Zeiisch. physikM. Chem., 1891, 7 , 521. A very good account of several of these 
athods is given by E. Cohen, Physical Cheiy}i4ry, translated by^M. H. Fischer (Bell & 
>D8, 1903); J. C. Philip, Physical Chemidry (Arnold, 2nd edition, 1913). 
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the 08 m<^iS^ro« 8 nres of ^ilutc solutioim may also bo made by dctc%imaticmi 
of the lowering of vaponr ptessnre, elevation of boiling-point, or depression o 
freezing-point, since each of those, nuignitudcs n^.^ty be thonnodynamicallj 
correlated with the obniotio pressure.* It is possible in this manner t< 
obtain results of a high dogroo of aecunvoy when the rerpu.^ite •physical con¬ 
stants involved in tlje calculations are accurately known. F*’** instance, th( 
osmoti* pressure in atiuosphercs of an aqueous suliitioi* at its freezing-point 
may be calculated from the ecpuition ^ 

•• P=1206A *0-0:llA3, 

whore A denotcs^tlio ^^epression of the freeviug-poiut.^ 

It may be .sbos^i'"' that for diliito .solutions tbo osmotic pressure, P, is 
connected with the lowering of vapour lonsiou by tlie equation— 

UT.S- 
p A1 ’ 


or more exactly by the equation— 

• /> M 


whore jo and y/arc tlfo vapour tensions of solvent and solution respectively 
at the absolute ^temperature T, x is the specific gravity of the solvent, K is 
the gas constant, and M is the moh'cnlar weight of the solvent in the gaseous 
state. • 

The osmotic prq,ssnre of a dilute solution is connected with tlio lowering 
of freczing-poiut, A, by the forinnia • j 


100().sT;A 


« ♦ 


where L *s the latent lioat of fusion of the solvent in calorics and T tho 
(absolute) freozing-poijit of the solvent. * » 

The same formi^iris applicable if A ilenotes tlie elevation of boiling-point, 
L the latent heat of vapurisiftion, aixl T tlie (.absolute)*boiling-point of ^he 
solvent (tho Solute being snppo.sed non-volatilcj.** • * 


* See, for instance, Van’t Ilofl', lac. cit. ; Whclluuii, Solufima (Ci^nibridge University 
Press, 1902); Nernst, Thcorelim/ Chemhtry, translated by Tizard (Macmillan & Co., 8 rd 
editira, 1911); Lewis, J. Aiatr. Chem. Soc.^ lOO-S, 30 , C 68 ; and tlie refcren^e.scite#] on p. 209. 

® Lewis, loc. cit. i 

^ Vau’t JloiWcc. cit. ; Aidienius, Aciiach. phyAhtl. Chevi., 1889, 3 , 115 ; Nernst, opu$ 
etC ; opm cit. * 

^ For a further account.of osnmti^ juc.^svire, sec Findlay, Osmotic rressure (Longmans 
k Co., 19131. An account of the eApciimcnliil methods used by I’i'oirer, Morse, and Berkeley 
<yid Hartley is given by Lowry in HiJinar I'^rayress, 1U3, 7 , f’44- ^ 

• « 
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CHAPTER IV. 


MOLECULAR WEIGHT AND ITS DETERMINATION. 


The terms “ moloculo and “ molecular weight ” have already been defined in 
the first chapter of this volume. AUhough much evidence of the reality of 
molecules now OvVists,’ no methods of measurement have yet been devised for 
the accurate determination of their absolute masses. In chemistry, however, 
one is coiicerncfl almost exclusively with the comparison of molecular weights. 
Accepting Avogadro's Hypothesis as a fundamental principle, ttiis comparison 
can be readily accoinplisiied by methods winch were iitdicatcd byAvogadro 
and finally established through the clear exposition of tlu^ liypothesis by 
Cannivniaro. 

Nearly thirty years after Cannizzaro’s system was published, Van’t Hofi’ 
proved that substances in solution exhibit an analogy to gases, being amenable 
to the gas laws, and tlicrcfore to ^Avogadro’s Hypothesis. “A method was thus 
discovered by \^\ich their molecular weights might be compared.^ 

No such generalisation, Imwevor, has yet been di.scovered for liquids. 
Various methods of coAiparing the'molecular woigiits of substances in the 
liquid state have L.cn d(?vised, an^ some of them are discussed in tiiii cliaptcr, 
but none gives more tlijvn approximate values. Of the molecular state of 
solids still IbSfe is known, and no attempt has been nu6.Je to deacrii)e any of 
the methods which Ivive^bccn suggested for its investigation. Moreover, the 
modern theory of crystal stru^tui-e iudiciates thlio in the case of qrystallme 
solids the term “ molecule ” has little significance.^ 

The determination of molecular weights is a necessary preliminary to a 
knowledge of tho atomic wciglits of the elements,'^ but only in the cjises of 
substances gaseous at ordinary temperature can exact molecular weights be 
directly fleternrined. In the majority of cases it is necessary to determino 
approximate molecular weights of elements and compounds^ and also the 
accurate chemical equivalents of tlw elements. From these two sci..^ ‘Ldata 
the acj3iirate atomic weights of the elements' and life molecular formula) of 
the elehients and corepounds ci^u be deduced. ^Exact molecular weights are 
then dcriv<1 by adding together for each substaiic* the relative weights o'f 
tfcfe atoms present in tlio molecule. ^ 

As obtained by physical mcasAiremcnts, molecular weiglits do not alwdyg 


See, exampll, the section on Cenoi4Cht,mistry 78). 

* SeoClwps. HI. and VI. <* 

* Groth, j^ixiHcliofi, to Cliemical Crystallogra 2 )hy, translated by Marshall (Gurney & 

Jackson, 190o), chap. 1. • * 

‘ Sec Chap. VII. ^ 
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• 

correspond Utth the simplest foDnula? that can be assipiod to iho sub¬ 
stances coiicerned. Th\ii, knowing the atomic weights of mercury and 
chlorine, respectively, an analysis of mercurous cliloride would lead us to 
assign tlic formula llgCl to the substance. The molecular weight determined 
by the vapour density,^ however, iiidicatus the formula to bi like¬ 

wise, cuprous chloride is Cu.,Cl>, not CiiCl; and nitrogen pcroxi'l^) at ordinary 
tempcrafuie N^O^, mtlicr than NO^. In tlic majority of c^ses, c.s})ci'iiilly when 
the liioloeular weights are derived from vapo^ir densities, the molecular weights 
and molecular formulce correspond to the simplest chemical values. On thig ^ 
account, values which are*ifbt identical with the siniplest possible are often 
spoken of as ahikonnal. According to this usage, mercurous, cujiroiis, and « 
aluminium chlorides jirtd nitrogen peroxide provide examples of substances 
exhibiting abnormal molecular wcigiits. But the vajamr densities of 
aluminium chloride and nitrogen peroxide decrease with rise of temporutu^ 
until at length tiie viibies obtained correspond with the sim])lest formula} 
AlClg and NO.,. 8uch substances may, therefore, be regarded as made up of 
molecules which, in certain circumstances, possess the power of aggregating 
or associating. • 


Th« Molecular Weights ov (Iases and Vapours* 

The molecular weights of gases are, according to Avogadro’s Hypothesis, 
proportional to their relative densities. Some standard of comparison is 
therefore neces.sary, and, for the present, the clement oxyg(ui lias "Been 
selected and assigned^tho moloeulur weiglit 32. If tiiorcfore D,, ropn'sents 
the gas or vapour density compared with that of o.’iygcn,^ and M is the 
molecular weight of the substance, • 

M ; 32-^l>o : I, 

or M=;i2'V 

If, again, the vapour density ineasuremenl. isfnade relative '♦hydrogen, then, 
since the molecular weight of the latter is found to 2 016 when that of 
oxygen is taken as 32, ^ 

• M-2-016D„, 

where l)n is the density compared with hydnigeu? 

Or, again, in many cases, the gas is simply compared witli air. In such 
% case, * • 

M = 28'!)r)L)^, 

Da being the density compared with air, and 28 95 and 32 the immliors which 
Jxpross the relative densities of air and oxygon. * 

The. may be regarded in another aitd very simple way. For,' 

line? 32 grams of oxygen occupy, fit O'’ and 760 mm., a volume of 22,400 o.o., 
he molecular weight of a su)»st^nce will be the weight (iy grams) which in 
h^ gaseous form occupies 22,406 c.c. at normaf temperature and prijsurc. 

The methods available for the experimental determination of the donsitiea 
if gftses and vapours faTl nito two classes, iJccording as tliey are capable of 
delding exact or merely approximate results. Exact determination& are pos- 
ible only when the sftbstances ap guft’jous at ordinary temperj^ttires.® ^Liquid 

^ For the dry substance; see p. 142 ; also Vol. III. • 

* Of coufso, at the same temf'eiatuio and pr^ure. 

® See Ramsay and Steele, PKu. Mag., l&03,*[vi.], 6, 492.. 
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and solids Bubstances have to bo vaporieed, and the gay laws do hnt accuratol 3 > 
describe the behaviour of vapours. 

The Exact Determination of Densities and of Molecular 
Weights of Gases- —it is possible to carry out such determinations with 
hydrogen, oxygen, nitrogen, carbon monoxide, carbon dioxide, methane, 
nitrous oxide etc. 

Regnault’s method,^ wliich was an improvement on tluvt of A*’ago and 
Biot, and has itself been improvfd by subsequent workers, is employed and 
, is as follows:—^ 

A glass globe of known capacity is carefully cleaned, dried, evacuated, and 
. weighed. It is then filled with pure gas, at an observed pressure p and 
temperature T, and reweighed. The value of p is usually about 760 mm., 
and the value of T is almost invariably 0* C. During the weighings the 
globe is counterbalanced by a “ dummy ” globe made of tho same kind of 
glass and being as nearly as possible of tho same weight and external volume 
as the experimental globe. The surfaces of the two globes are always treated 
in precisely the same manner. In this way errors due to tho hygroscopic 
nature of glass and to changet in the temperature and pressure of the air in 
the balance room are avoided. 

In order ,^o explain the method of calculation, suppose ,that tho excess 
weight of the evacuated globe over its tare is grams, and that of the globe 
plus gas is ^^2 grams. The approximate w'oight of gas' is then {w.^ - w-^) or w 
grams, say. It may be supposed that T is oipial to 0" ‘C. and that p is 
approximately 760 mm. 

Now, the glaSvS globe, being elastic, responds to pressure, so that the 
volume of the evacuated globe is a trifle smaller than that of tho globe when 
filled with gai■^^^ Let this diminution in volume o^ the globe, due to evacua¬ 
tion, be called e c.c. A correction to the weight w is clearly necessary. 
Assuming that 1 <o.c. air under Jahoratory conditions weiuhs a grams, the 
upward force- of the atmospliere on the globe, when filed at atmospheric' 
pressure, exceeds that on tho exhausted globe by ae grams. The corrected 
weight' *8 thc^’cfore w-\-a€ gnims.'^ 

Tho volume of the globe is deduced from the wjight of water that it 
hqlds.'^ If the appaven*!. weight of water (corrected if necessary for the weight 
of air displaced by [he water) filling the globe at 0“ 0. is Wt grams, and d 
is the density of water at 0” C., tho volume of the globe at 0” C. is 
W/d‘C.c. = V litres, say. 

Hence, assuming the validity of Boyle's Law, the weight L of 1 litre of 
gas at 0* C. and 760 mm. is given by— 


j 760(7c^'^^«) 


grams. 


' t 

In ot'fler to deduce the weight of a “normal litre,” t.e. the weight of 1 litre 
of the gaa'nt 0° C. 'And 7C0 mM. pressure, at'- sea-level in lat. 45", the abeve 
yalue of i. must be divided by— 


(1 - 0-0026*COS 2X - 0*000000*19U), 


■ ^ Re^iault, Cot\pt. rend., 1845, u 

* For more detailed account, «ee (liap. VII. 

• Ravlfi^ht Vroe. Hoy. Hoc., 1888, 43 , 356 ; tho correction thus shown to bo necessary to 

tlie results tiTall previous work, was applied Kegnault’s iesuUs'’by Crafts {Compt, renrf., 
1888, 106 , 1662). * The measiirchient of «is described in Chap. VII. (p. 260), 
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whore A = lAitude of laboratory and h = its height, in metres, above 
sea-level. ' • * 

The value thus obtained is still subject to correction for at least two 
further sources of error: (i.) that bw'ing to “ adsorption ” of ^as by the inner 
surface of the globe, and (ii.)that introduced by assuming the validity of Boyle’s 
Law. The first source of error causes the result to be high ; itf^niagnitudo is 
small, ard special methods are required to measure it.* Jor gases difiiculb to ' 
liquefy the correction may be ignored, but dor easily condensible gases, such 
as hydrogen chloride, it should be detorwined if a high degree of accuracy^ 
is required. A number of*experimenters have endeavoured to determine the 
influence of thid source of error by measuring the density of the same gas* 
in a number of diflbrqpVsizod bulbs. It would bo expected that tlio measured 
densities would increase with a diminution in the size of tlio bulh. The 
results indicate that the magnitude of the error must be small, but yield 
definite results concerning the extent of adsorption.''^ It is not possible to 
eliminate the error by weighing the globe filled with gas under a few mm. 
pressure instead of weighing it evacuated, since the extent to which adsorp¬ 
tion occurs varies with the pressure (p. 108). • 

The second source of error may be rendered negligible by ensuring that 
the globe is fill^-d with gas at a pre.ssure which differs from 76^ inni. only by 
a few mm. Otherwise, a correction is necessary, which can readily bo 
applied if the coyipres.sibility of the gas at 0* C. is known.^ 


DENSITIES. CRITICAL TEMPERATURES, AND 
• PRESSURES OF GASES. 


Gas. 

r,. 

TVT-,. 

T,. ‘ 

K. 


« 

. . „ 

'm' 

■- 




* abs. 

‘ atmos. 1 

Hy?irogen . . . , 

O'OSBSI* 

0'0t!289 

■cf 

19*4 

Nitrogen . 

1 2506 

0-8752^ 

128 0 

33*6 

Carbon moiiuxidcj *. 

1*25(13 

0*875(r 

133 *5 


Oxygen . , 


1*000<) 

151'‘2 

50'8 

Nitric oxido • 


0*9379 • 

T79 .5 

71-2 • 

Methane 

0 lies 

0*5016 

,190 *8 

i5'6 

iJavboij dioxide 

l*y76S 

1*3833 

304 0 

72 9 

Sulphur dioxide 

2-y266 

2*0480 

430*2 

77 7 

Nitrous oxide . 

1*9779 

1*3841 

309«6 

71*7 

Hydrogen chloride . 

1*0392 

11471 

324 4 

81-6 

Ammonia. 

0*7708 

0*5394 

405*9 

112*3 

Pliosphine 

1 *5293 

) -oro’!. 

3‘J4-3 ’ 

64*6 

Ethane^ . 

1*3562 

0*9191 

305*1 

48-9 

iiyarogen sulpliule , 


1*0771 

873*4 

89 1 

Methyl chloride > *. 

2-304:> 

1*6127 

416 3 

65*9 

Methyl oxide .... 

2*1()96 

1*4763 

400*1 

63-0 , 

•• 


• 

• 

-■ 


* 15urtand Gray, TravsTl'^ra<la}/ jS<x: , * 

® Baume, J. Chim, phys., 19<>8, 6, 1; Guye and Davila, Mem. phna. nai.^ 1908, 

35i 035. * .<0 • 

* It will be noticed that no allowduce IC4 been made for the weij^hte of air di»j)lacod*by 
the weights employed. This is not necessary if The relative rvalues assigned to Uje variom 
pieces are correct in air ; if, however, in the calibiution of the weigli^s, all insults had beer 
reduced to the vacuum Aandard before the rojalive values of the pieces were cUcuJated, the 
correction for air displaced by the weights Uicomes nccessar^. 
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In order to calculate exact molecular weights from the noivnal densities 
of gases, it is assumed that at the same tempexattre^ and under h common^ 
indefinitely smallpressur^^ all yases have exactly the same gram-molecular volume. 
The calculation is then CJtrricd out as follows:— ^ 

Lot the common molecular volume of two gases be at 0* C., and under 
the iufinitesirpal pressure Their volumes will be ditForent, v and v, say, 
.at a pressure of one^atmosphere, p^. Now the deviations of the ga^^es from 
Boyle's Law may be conveniently ^pxpressed as follows— 


and 





• (1) 


/V'li ■'« 

ill which AJ and A'J represent tlie moan deviations of tlie gases from Boyle’s 
Law hetween 0 and 1 atmosphere. Hence— 


“ ^o)Po'^0’ 

and therefore 

r', ~ 1 - A'i ■ ■ / 


• (2) 


If, then, the “normal” densities (I'.e. weights of a “nornfid” litre) of the 
gaseS'are L and L' respectively, their molecular weights M and M' satisfy the 
equation— , 

M _(i-a;)l 

, M'~(r-A>L'’ , 


which, if M', L', A'J refer to oxygen, may be written— 


«a 


il=3S- —• 

L(i, 


(1-A ) 

(1-Ao.) 


(3) 


the limits zero and ono atmosphere between which’ A is fletermined being 
understood. This oqu-ition expresses the molecular <» eight of a gas in 
terms of .its density and /compressibility, and the corresponding values- 
for oxygen. 

The determination of involves an extrapolation, but this is easily 
carried out in the case of gases that are difficult to liquefy, since, over the 
range of pressure from 1 to 2 or 3 atmospheres, the relationship botwoen pv 
and p is linear. Moreover, the numerical values of Ai for these gases are 
very small, and a very high order of accuracy in their measK^ement is not 
necessary. With gases such' as cjirbon dioxide, hydrogen chlovidoTe'tS., {.hat 
are ijeadily liquefied, the values of AJ are much greater and require to be 
determine,d, with a OQnsidorablq,degree of precision. At the present time_ it 
cannot be said that such measurements have been atcomplished. The relation 
Betw’een pv and p is not linear, the graph shoyiqg a slight, but decided 
curvature; and the only really’satisfactory method of deducing AJ consists 
in accurately measuring the values of pv from ;> = 1 atmosphere downwards 
as far ois it isopossible to obtaii^ e 7 ’K)t n>3asurement8. Graphic extra¬ 
polation, th^n furnished’ the limiting value PqVq. The only data at 


' D. Be/dielot, €ompt*%i:nd., 1898, 126 , 964. 
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pwent (1 aya’lablo refer to hydrogen chloride > and selenide and to neon 
and he Him. Of the other aiethods tliat liave been j)roposed, reference may 
he made to that eniployod by Bauin.e,* in whicli the yalne of AJ is deduced 
from density measuronients made at various pressures, and to the various 

methods put forward by D. Berthelot," of which that based on tlio approxi- 
matft rMlfli.innfiKMxo_ 


is the simplest.® 


«-rar. 


AS 

1 + 4A!’ 


The following table shows the results obtained by this method for a 
number of gases • Tht molecular weights, M", calculated from the Inter-* 
national Atomic Weignts aro included for comparison. 


Gas. 

10*. aJ. 

j M. 

M". 

Gas, 1 

10-'. Aj. 

Jl. 

—. -mr 

ai". 

H., . 
N, . 
CO . 
NO . 
CH, . 

- 66 
+ 44 
+ 

■1-114 
+ 175 

• 

20155 
28-019 

28 009 

30-006 

16 039 

2-016 

28-020 

28-000 

30-010 

16*032 

IICl . 
CO, . 
N.,0 . 

C.,H, , 
(oiLbO 

+ 748 
+ 676 
+ 739 
+ 1194 
+ 2587 

36-^69 

44-009 

44-OW 

30-0^ 

46-064 

36-468 
44-000 
44-020 
30-048 
' 46 048 


For densities, see p. 131; the value of AJ for oxygeii = 9G x 10“^ 


The agreement is, in general, very good, and it is easy to deduce from the 
preceding results the atomic weights H=d-00775, N = 14-007 (mean of 
14-010, 14-006, 14-004), 0=12 005 (mean of 12-009, 12 006, 12-009, U-99Jf) 
and Cl = 35-460, in good agreement with the values oljtainei} by gravimetrio 
analysis. 

The preceding method is known as th*e Method o/ LTmitiruj Dennliet. 
Another metljid of calculating exact molecular weialits has been, trbi.m bv 
Guyo.^^ Van dcr Waalj’ etjuation (p. 31)— . ^ J 

(p + ^,)(v-i) = KT- . ‘4) 


becomes, whenyi is expressed in atmospheres, and the unit orvolume Is taken 
as th»volume occupied by the gas at N.T.K, 




• • (6) 

iQuye and Friderich.f and also Van der Waals, bavo deduced from, this 
- • _____^_ 

*,Gray and Burt, Trans.Soc,, 1909, 95 , 1633. • 

. Bruylants and Bytebier, Bull. Acad, roy. Bel9., 1912, p. 856 (H,Sel • Burt Tranjt 
^ar^aySoc 1910 6. 19 (He and Ne). » Baimo. J. km. K 1908 fi, W-flt 

H. Bertholot, Corrfpt. rend., 1898, 12^1030; 1907, 144 , 76, 269: 145 , 180 317 
I. proposed Tor demining ^J are reviewed ^ Baume.V. 'chin. 

PM., 1908, 6 , 62 ; Guye, 1908, 6 , 778-87 ; and Litfle, SmnSPro^rtsi^ 1918, 7 , 

® Gnye,pAy#., 1905, 3 , 321. « • 

’ Guye and Frlderich, Arch. Sei. fhys. dat., 1900, (iv.),* 9 , 605. 
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equation 'Imt the relative molecular volumes of dilf'erent gases St ^.T.P. arc 
proportional to ' '' 

1 1 , 1 _ 

(l+tt)(l-4)’ (l+a')(i_6')’ (l+a")(l-r)’ ’ 

Hence, 

M= 

.;!+«)( 1 - 6 )’ 

'where K is a constant for all gases. It is obvrrr.sly the volume in litres 
,occupied by a gram-molecule of perfect gas at N.T.P. For^ K, Guyo adopts 
the value 22-412. Hence, c ' 

M 22-412L ' 

M = .(«) 

Tlie values of a and b may be calculated^ from the equations,^ 

T,-8«/27Ml, p,^ajrih\ 
in which, as has been already found above, 

^ ll = (l+a)(l -5)/273. 

Now Van der Waala’ equation is only approximately con;pct, and in order 
to Oilitain a more accurate representation of the behaviour of gases, it is 
necessary to assume that a and b vary with the tempei’aturo. For this 
purpose (hiye employs the following empirical formula/ to deduce the values 
of and the values of a and h at 0“ 0.:— 

■ -O', 

The value of /3,•deduced from the critical constants, density and molecular 
weigl^t.oL carbon dioxjdo, is 0 0032229 The molecular weight M is thou 
given by the formula ‘ ^ 

- .V 22-412b 

< — — j 

- ■ ■ (l-i-f'o)(l-6„) 

A sitfflpler method of calc\ilation suffices for the difficultly liqneliable gases. 
The relations (f) above are not necessary, the equation 


“(l-|-a)(l -6) = 22-412 -I-miT, 
L 


(8) 


being sufficiently accurate. The" value of. m, obtained by snbstituting'tho 
knot n data for oxygen, is 0'0000623. 

The preceding motliod is Lnown as the ‘Method of lieditetion of Critical 
Constants. It is an empirical method, and being I'asod upon Van der Waals’' 
equation,, it -would be expected to break down' f(H- gases that are at all 
associated at the critical temperature. The following table illustrates the 
nature of the results it yields:— i 


‘ The jp\o«latio«! -which involves the solution of a oubic equation, is conveniently 
effected by "the method given 1^ Haentschcli^iHi. Physik, 1906,\iv.), l6, 566. 

“ Deduced (tom Van der WaaU’equation. * 
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' Gas. 

lOL «• 

]0^6. 

• 

10®. ao- 

10®. V 1 

M. 

m/ 

11 , . 

29 

74 

• 


2'015 

2*016 

N, . 

275 

174 


... 1 

28 013 

28-020 

CO . 

284 

172 



28-003 

28-000 

NO , 

267 

116 



30-009 

-80-010 

Ufl, . 

379 

160 


... ' 

]6«34 

16-032 

(X), . . 

721 

191 

847 • 

161 ' 

44-002 

44-000 

N.,0 . 

719 

185 

87^ 

166 i 

44-012 

44 020 

Nil, . 

86b* 

170 

1664 

146 i 

17-036 

17-034 

Iici . , , 

722 

179 

937 

162 , 

36*461 

36 468 

H,S . . 

<000 

194 

1438 

240 1 

31-085 

34 076 

CJIo . . 

•1209 

314 

1449 

299 

30*061 

30-048 


For values of L, T^, and I’e, see j). ISl ; M and M" as before. 


Koference only can bo mado to Leduc’a Method of Molecular Volumes ana 
(fuyo’a Method of Corresponding Demiliesd 

Approximate Determination of Gas Densities: Bunsen’s Diffu¬ 
sion Method.—Tins method'^ was introduced by Ibiusen to determine 
approxitnatcly*tlie density of a gas when only a few cubic cAitinietrca were 
available. It is based on Graham’s Law of Diftusion. 

If and d.^ are the donsities of two gases, and their rates of flow 

.under the same ditlercnce of pressure through a small aperture, then 

The velocity of flow will bo inversely proportional to the tinio'takeli 
for otpial volumes to difli;se. Heiice, if <'yid are the times required, in 

• I'i ^ 

seconds, for equal volumes of the gases to flow through the aperture, J- —-1. 

. , , 

If is known, d.^ can be found. ^ 

The a’pparatus employed consisted of a^lass tube open wit the lower end, 
and closed by a tap at^ the upper end. Just beyond tlio tap, the^tubo, con¬ 
tracted to a small ckamotor, was closed by a slioel of platiniiin’cofilaining 
a iiolo so small as* to bo invisible to the naked e'^. 4 »TIjo tube was filled 
with and inverted over mercury, and the gas introduced,*the lc\el of*the 
mercury outside being sufliciently above that within the tube to drive the 
gas steadily forward. The tap was now opened and the time rcijuived for 
the mercury level to rise through a certain height in the* tuhe (determined 
by ttie aid of a float) was noted. By a comparison under exactly the same 
conditions with a gas of known density, the densjjy of the* first gas could 
then be foip.Ai! • 

•f iMoro recently, Einich^ has piodificd rt)e method for use at liigh tempera¬ 
tures (1400*’-2000’). It has also boon u.sed at the ordinary temperature by 
Debierne^ in the determhiatifwi of the density of niton Radium emanation). 

The Approximate Determination of Vapour Densitjw— For the 
determination of the ^[apour densities of suKstancPs which exist iiormally*as 


^ Loduc, Ann. Cl^in. Phys., 1898, [vii ], 15 , f); 1910, [viii.], 19 , 441 ; Guyo, Comp. 
reniL, 1906, .lao, 1380. Tlie \'ari(ijis nK!t’'.yils fur dptri'minnig oxart luotccular Myigbta have 
been reviewed by Guye [J. Chi'in.yhys., 1908, 6 ? 7097; Iattl|!, Science rrogiens^ 1913, 7 , o04, 
2 Bunsen, Oasomelrische Mr.tkoiien, 1867, 1 >. 128. 

’ Emich, 1903, 24 , 747 ; 190,*), 26 , 'iO.^ and 1011. 

* Debierne, Comp, rend.^ 1910, 150 , 17l0. • 
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■ liquids or^ solids, three luethods are still in use, viz. those devistd by Dumas, 
by Hofmann, and by Victor Meyer respectively., f * 

In the first-named yiethod^ the substance to be volatilised is introduced 
into a weighed round,'pear-shaped or cjlindrical bulb, the neck of which is 
drawn out to a point. The bulb is heated by means of a constant tempera¬ 
ture bath maintained at about 20'’-30* above the boiling-point of the substance 
under investigation until the air has been swept out of the bulk^ ^»d all 
excess of the materud also removed. The end of the neck is then quickly 
sealed, the temperature and baromptric pressure noted, the bulb allowed to 
'c'ool and tlicn weighed. After the weight has b^^n recorded, the bulb is 
immonsed in air-free distilled water at the laboratory temperature, or in 
^mercury, and the point of the neck nipped off. The r/cigiit of liquid filling 
the bulb is then obtained, tlie weight’ of tho air contained in tlie bulb when 
originally weighed being neglected, as it is small in comparison with the 
weight of tho liquid. 

The vapour density of tho substance may now be calculated. If Wj is 
the weight of the bulb filled with air, the weight when filled with the 
Vapour, and the weight when filled with water, then = weight of 

water filling the bulb (neglecting weight of air, as already moutioned). 

. If the weight is expressed in grams, the number, so far as an approximate 
determination is concerned, expresses also the capacity of tiio bulb in c.c. 
If, then, d be the density of the air in grams per c'c., tho weight of air 
which the bulb contained is {w^~^v^)d, and the weight of tlie bulb itself 

- (i/iy - Heuco the weight of tlie vajiour is w.^ - [a’j - (w., - w^)d]. 

Tho weight of tlie vapour and its volume now are kfown and the density 
can be deduced.’ 

A more accurate development of Dumas’ metjiod permits of the deter¬ 
mination of va\jour densities at various pressures according to the amount of 
substance initially taken. The apparatus consists of a glass (or quartz) 
vaporisation bulb of known capacity, fused into which is a flattened spiral 
tube. Increase the internal pressure causes the spiral to distend, whilst 
contraction is iiuluced by raising the external pressure. Tho internal pressure 
can cl^trJ^be determined by adjusting tho external j\rcssure, the deflections 
being observed by rueaiis of a small mirror. After the 'introduction of the 
material, the bulb i.s ovaciiatpd and sealed, l^^pon raising thg temperature 
tho pressure observed is that due to the vaporised material.^ 

In^the Hofmann melliod ‘ a known weight of the substance is volatilised 
in the space abdve the mercury in a calibrated barometer column, jacketed 
with a vapour tube at some constant temperature, d'he amount of tho sub¬ 
stance required is small and is passed to the surface of the mercury column 
in a small glass-stoppered tube, in such quantity as to leave iio, portion iin- 
volatilised. Fig. 63 sliowa- the foriu of apparatus used by YouugA RyVie^ps 

’ ifumas, Ann. Ckiin. 1826, fii.], 33 , 337. ^ i. 

® Most qf tlie results recorded in the literature are ex|ire.r,cd as densities relative to air. 
Aioxanijilcs of the n->e of the metliod, see Friodcl and Craft.s, Compt. rend., 1888, ro6, 1764 ; 
Nilson and Pettersson, ZeitSi:h, phydh'd. Chem., 1889, 2?o6^ Ann, Ch^m. Phys., 1890, 

[vi.], 19 , 145; Blitz, Per., 1901, 34 , 2490; Biltz and Pi'Oiiner, Zeitsch. physikal. Chem., 
1902, 39 , 323. 

* .Johnson, Zeifee^h. physiknl. Chem., 1908, dh, 457i Preuncr and Schupp, ibid., 1909, 
68 ; 129 ; I'tMuier and Brockni/dler, ibid., VAi, 81 , 129 ; Bodoiistein and Katayama, ihid.^ 
1909, 69 , 2G ; J^^’rkson, I'rnns. Chem. Soc., 1911, 99 , 1066. 

* Ho]'ina(fn, Per., 1868; I, 198. ' 

® Young, Fror. Phys. Hoc., 18®6, 13 , 658, See Thorpe, Trans. Chem. Soc., 1880,37,147 ' 
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of this apparUtus a series of reaflin}?H can be made at different tcmporatiiret 
by varying the pressure oft t^ie vjij>our contained in the jacket, and by con¬ 
necting the closed mercury reservoir to a second piwnp the pressure on the 
vaporised subsUnco in the barometer'tube can likewV'O be altered at will. 

In any case, the material is volatilised at a pressure Ic^s than atmospheric, 
and substances which undergo decomposition when heated at,, atmospheric 



Fio. 6Jt.^Youijg’8 modification of Fio. 6‘1.—Victoi Moyci’a vapOMi- dciiaity 

Hoftnaiims vapour density apparatus, 

apparatus. ^ , 

• • 

pfes'Jiire can be investigated by this method. If the barometric pressure is 
P mm., the height of the mercury column (corrected for tepiperature) h rflm., 
then the pressure at whicji th? vapour existsfts P-A mm. The*v(jlume is 
read on the calibrated barometer tube. • 

Tlie process requires ^fich smaller quantities of material thiur that of 
Dumas, but cannot be used at temperatures over 250* owing to the vapour 
tension of mercury becoming then coj^siderahle. Above 100“^ correction for 
the mercury vapour present should be fua^c. • , 

Of the three methods, that of Victor Meyer’ is the one ^vailaWe over the 

1 V. Meyer, Ber., 1878. Il, 22531 
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greatest f/aiige of temperature and the one used in most mndern^nveatigations. 
The apparatus (lig. 64) consists essentially of tjie Vaporisation tuiSe A, closed 
at the top by a stoppea, and terminating in a cylindrical bulb at the lower 
end. Outside the heating jacket B, a' side tube C is attached to A, con¬ 
necting it with a gas bnrefto or eudiometer tube. A glass rod, fitted through 
a side tube jn the head of the apparatus, serves as a support for the small 
capsule, glass bulb„or stoppered bottle containing a weight of the substance 
sufficient to give 20 to 30 c.c. «f vapour. Constant temperature is main- 
.tainod in the cylindrical bulb by«the vapour of a suitable liquid boiled in 
B; and when once obtained, as shown by a cofis'tant re.ading in the gas 
burette, the glass rod at D is drawn back and the vessel With tho substance 
allowed to fall on to a pad of sand or asbestos in 'ilie 'nottom of the bulb. 
Rapid vaporisation occurs, and, owing to the length of the bulb and 
parrowness of the tube, air is expelled instead of vapour through C, and 
collected and measured at the temperature of the gas burette, the pressure 
being tho barometric, corrected for the vapour tension of the water in the 
collecting t>ibo. The temperature is ascertained by suspending a tliermo- 
metcr in contact with the gas-collecting apparatus or in the water jacket, 
with which it is best to surround the measuring app. ratus to preserve 
constancy oj temperature. , 

If w is the weight in grams of substance vaporised, v the volume in c.c. 
of gas observed, f the barometric pressure in mm., / the vapour tension of 
wa^r at 1° C. (the temperature of tlie exporiineut), tlie va[)our density 
relative to hydrogen and o.rygen is given by the following expressions;—' 


(a) relative to hydrogen, 

t 


xi> X (^73 + 0 X 760 _ 

X (/> -j) X 27a‘x dooobsuo’ 


(6) relative fo oxygen. 


wx(273 4-«)x700 
-7) X 273 xd-001429' 


* I , 

It is necessary that v.aporisatiou of tluj substauco shall occur at a rapid 
ratef’H^erwise the vft^jour will, by slow (lilVusiuii, find its way up the vaj)or* 
isation tube, be carried forward with the air expelled, and condense when 
eooled, thus roducinj; the volume of air whioh ought to be obtained in the 
burette.- To bbtaki ra})id Vaporisation, the bulb should be ftiaintained at a 
temperature not less than 30° above tho boiling-point of tho substance. 
Thus, if steaiiir’s tlie heating m(‘diuin in tho jacket, a siiccOvSsful dotonnina- 
tioij could be easily carried out with carbon disulphide (B. Pt. 46*), but 
probably nof with ethyl alcohol (B. Pt. 78“). ^ ' 

Various modiheations of the method have been devised. Instead of 
measuring tho volume offgas expelled, Immsdoirdetennine^hc increase of 
pressure associated with the vaporisation of the s^ibstance, the volume the 
apparatus being maintained constant.^ 

Detftminatibn of Vapour Density at ^ High Temperaturee.— 

, Both tfie Dumas and the V. Meyer methods may b*e used at high temperatures. 

•.^. . . . •_ _ 


' These formul® liold when tho air initially present in tho^ajiparatus wns dry. If, 
Aowevar, the proffane of aqueous vajiour in niitiai air was x ]>er cent, of the pressure of 

saturated aqueous vapour it the factor (;>-/) should be replaced by /^* 

See EvaiiV, J. Am>'r. Chem. 1913, 3 Sj^b 8 . • 

* For (ictails of the method, sec Lunisden; Travs. Chm. Soc., 1903, 83 , 842. 
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• 

In the forpio?, porcelain may be substituted for glass, and for tlie latter, 
which is the more useful i:ffetiiod, modifications are described below. 

Up to 600®, constant temperatures can be maintained by a vapour bath, 
for which purpose, aniline (B. ?t. 181®), diphetiylamme (B. Pt. SIO”), sulphur 
(B. Pt. 445“), phosphorus pentasulphide (B. Pt. 518*), and Rtannous chloride 
(B. Pt. 606*) are all available. At still higher temperatures^ Meyer used 
speciallyi^^onstructcd gas furnaces (see references below^, whilst in the sub¬ 
sequent investigations of Nernst and y. Wartenberg, in which temperatures 
of 2100* were attained, the electric furn»co has boon adopted for the samq* 
purpose. 

For high tcbigeratures the vaporisation tube may be constructed of • 
porcelain,^ of platuiiwn,'^ of platinum and iridium alloyed, or of iridium 
alone.® Above 1700" porcelain begins to soften and must be protected 
by a platinum covering, whilst platinum and iridium are permfayp 
to gases at high temperatures and must bo rendered impermeable by a 
non-porous coating, obtained in v. Wartenberg's experiments by applying 
a fused miiturc of magnesium oxide and chloride. 

Air cannot be used to fill the apparatus in any case where the substance 
readily undergoes oxidation, and, as a rule, is not used at high temperatures. 
Nitrogen or lifdrogeii is generally employed, sometimes c^^j■bon dioxide, 
whilst v. Wartenberg used argon. 

Since in Mey^er’s method the gas expelled is measured at the ordinary 
temperature, the temperature of evaporation need not ho ascertained. ^But 
as many substances change their molecular state, and hence their density, 
as the temperature clfanges, it is obviously of interest to record the tempera¬ 
ture. At high temperatures, Mensching and Meyer ^ swept out the gas 
(e.^, nitrogen) remaining «.fter the density determination by* a stream* of 
hydrogen chloride, and from its amount and the original capacity of the 
vaporisation tube determined in like manner, the #teni|^raturo was cal- 
'culated from the known coefficient of expansirm of the gas, erfter allowing 
for the arnount of the gas expelled by the va])oriscd sii^stance and foJ 
various corrections, for J;he evaluation of which th(|pireferonoo may con¬ 
sulted. Bill/, and Mc^r^ used the simpler, though somewhat less accurate,- 
process of collecting the gas ^polled from the n)omcfit*ifhon heatingl3eg|in 
to that at whieh the substance w'as introduced, and from ^rhe amount expelled, 
calculated, as before, the temperature attained. The vaporisation tube 
served, therefore, not only its original purpose, but acted addition us an 
air thermometer. In the experiments of Nernst and of v. Wartenberg the 
tempdl-atures were measured photometrically by comparing the^light emitted 
by the heated bulb with that from a standard source (if light. 

Consid^il^on of -Results. Moleculy Formula. — After the 
molecular w'ei^ of a sujistanco Jias beetiVrived at, tlm molecular formula 
may be determined by comparison of the molecular weight with the empirical 
formula weight. Thus, to qlhnto once agai* the exatnple of^merenrous 

i*Afen 8 ching and Moyer,^er., 1886, 19 , 3295. • 

2 Dewar and Scott, Pm. J?oy. 1879, 29 , 490 ; Mensching and Moyer, ZeiUcK 
' phyinkal. Chem., 1887,■!, 145. 

* Nernst, Zeitsch. EUklrochm., #903, Ci522j H. v. Wartenberg, Z^itsch. aim% Chem., 

1908, 56 , 820. In these investigations tlie bum of the va|t)risation tube was {(duoed to 
2’5-3c.c. I 

♦ Mensching and Me^er, Zeitsch. ph/sika^ Chem., 1887^1, 146, 

Biltz and Meyer, ibid., 1889, 4 , 249. 
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chloride,*chemical analysis indicates that the amounts of ^chlorine and 
mercury present are related as represented* the empirical formula 
HgCI. The molecular* formula, corresponding to the molecular weight, 
may be written as (HgCl)„ where n is the ratio of the molecular weight to 
the empirical formula weight. In this particular case n = 2, or the molecular 
formula of mercurous chloride is Hg^Clg. In a very large number of cases, 
liowever, n is found/o he unity, which means that the molecular vwoights in 
such cases correspond with the limplest possible cliemical formula). 

.. Consider now the formula) fo» the chemical elements. The simplest 
formulae are, for example, H, 0, Cl, N, A, P, S, Hg, etc.—symbols which repre¬ 
sent atoms of these substances. Whether or not the symbols also represent 
molecules is decided when the molecular weights of thc^elements are known; 
and until they are known, the molecular fonnuhe can only be written H„, 
Ct, etc. Avogadro showed, by the application of the principle which he 
introduced, that the oxygen molecule contains two atoms and is therefore Oj, 
and Cannizzaro, by the use of the same principle, came to tho conclusion 
that most elementary molecules were polyatomic, generally diatomic, but 
that phosphorus and arsenic were totratomic, and, on the other hand, mercury 
was monatomic. 

At the pseseiit time the following elements are definitely recognised as 
monatomic from vapour density moasureinerits: mercury,^ cadmium,^ zinc,® 
lead,^ as well us the inert gases of the atmosphere, helium, argon, neon, 
krypton, xenon, and niton. The molecular formuhe of these substances are, 
accordingly, Ilg, Na, K, Cd, Zn, Pb, lie, A, No, Kr, Xe, and Nt. Almost 
all the metals which have been vaporised possess mohatomic molecules. 

Oxygen, hydrogen, nitrogen, chlorine,® bromine,^ aii4, below 600*, iodine, 
have moleculir weigl^ts such that tho fornuiho Of,, 11.^, No, Cl^, Bi'g, L, repre¬ 
sent them. For phosphorus, arsenic, and antimony, the formuhe P 4 , As^, 
and Sb^ corre 8 p(j*ul tcythe molecuiar condition of iliesc olomeiits unless the 
temperature <s very high. ^ 

For corapouncis the molecular and cnkpirical formulas coincide as a rule. 
The iplkwing are well-known examples. HjO (see Jndow), H 2 S, IlCl, N^jO, 
NO, CO. 3 , etc.; and among salts, KI,^ KOI,® and PbCl 2 -® On the other 
h^^nd,*cuprous chlffiidti, from vapour density ^measurements, must bo repre¬ 
sented bjtthe formi\la and mercurous chloride by Hg^lj. 

Two factors, however, have a considerable bearing on the size of the 
molecule—namjjy, the temporature and the pressure. Rise of temperature 
or decrease of pressure tends to break up tho large molecules into smaller 
ones, and the dissociation, as the process is termed, may follow ^one hf two 
courses in producing like parts on tlie one hand, and unlike parts on the 
other. • * \ 

Molecular Association ^nd Dissociatiop: (a) f'he ' hiflueno^-- c./ 

Ten^erature. —From the above it is evident that the choice of a molecular 


* Canffizzaro from Dumas’ data. 

* ® Dewar and Dittmar, loc, cit, 

* Menachingand Meyer, Btr , 1837, 20, 1833. 

* H. V. Warteiiberg, loc. nt. 

* For cblorino between 300® and 1450*; Pi^, Zeitach. physikaUChem., 1908, 62, 385. 

' * Betow 800®; ttam.gay and Youiy?, Tmnsa^.'icm. Coe., 1886, 49, 453. 

’ Meqschingand Meyer, Ser., U87, 582 ; Dewar and Scott, loc. cit. 

® Nernst,*f(?c. cit.{ ® Roscoe, Ber., 1878, II, 1196. 

w V. Meyer and C. Meye^. Ber., 1879„I2, 1288; H. Biltz'and Y. Meyer, ZeiUcK 
physikal. Chem., 1889, 4 , 266. 
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formula is nof in many ciisos as simple as may be supposed, for the ifcoleoular 
weight, au(1 therefore tiie ftoaiula, of a siibsUince depends to a considerable 
extent on tlie temperature at whicli it is examined. Many sub.stnnccs exhibit 
the power of becoming associated, or of forming molecular aggn'gatea. Even 
water vapour, the formula of wliich is always writ£en a.s HjO, i.s not entirely 
in the simple condition wldch this formula indicates. Kathej, there is a 
balance between the as-sociuted and the dissociated moleiinlea which may be 
represented by the cipiation assuming tfie association to 

proceed no further tliati to double moleciiie.s, the equilibrium depending ont 
the temperature and tfio pr(?s.Hure. Bose ^ calculates that the simple molecules 
arc present to thS extent of 911’4 per cent, at 0^ 9M per cent, at 100*, and 
91‘3 per cent, at pressures lieing the vapour pressures corresponding 

to these temperatures A bettor known cjiso is the equilibrium expressed by 
N 2 <\ 2N()^. At and at atmo.spheric pressure, the gas is made )\p 

entirely of simple molecules, NO^, Init as the temperature is reduced below 
this value, association occurs until at the boiling-point (22°), tlie vapour 
consists almost wholly of N.^O^ molecules. At intermediate temperatures, a 
mixture of the two forms exists. Still more striking is the calie of sulphur 
vapour. H. v. Wavtenberg found the molecular weight at 2070* to be 50, 
corresponding tljerefore to a mixture of and S molecules; |t 1719° tho 
molecule is whilst at the boiling-point (415°) the vapour consists of 
mo]e(!ules which are most nearly represented by the formula In like 
manner, tlio mokTculos As,, and vSb^, tend to pass, with clovatioi^ of 
temperature, into smaller molecules, 1 * 2 , As^, and Sb.,** and, according to v. 
Wartenberg’s measurements’'' with antimony, into still simpler molcoulcs. 
The diatomic molecules 0).,, Hr.,, 1., also begin to pass into monatomic 
molecules witli rise of temperature, iodine wen at as low a ^temperature 
as 600°. 

Among salts, aluminium chloridii fun*islios an (u^ellei^ example, the 
iH>llowing figures'’ denoting its vapour densities (compared with aii») at various 
temperaturA^:— 


0 

Duniaj* Metlnd. 

• 

- r.„ ... 

V, Meyoi’a 

• 


• 

- 

TeiiipH'aturo C. 

V.I). 

Tciuporaturo " 

V.I). 

, • 209“ 

9 90 

410'' 

7 4.5 

• 3or 

9’rir. 

518“ 


3[>7’ 

9 31 

606’ • 

5-34 


9 02 

758“ 

4-80 


8’79, 


4-27 


i * 

1400* 

4-27 



‘ K. Bose, ZfUsch. Elektrochem.y 1908, 14 , 270. 

^ If. BiUz and V. Mcyttr, Zl'itsch. phyaihil. Ckem., 4889, 4 , 266. * 

* Iti reality the vapour is a mixture of Sg and Sj molecules at temjjeratures in the 
neighbourhood of the boi)ing-j)oint under norma! pressure. 

^ Metischingand-Me)or, Anmlen,AS%7^ 4'4P, 317. H. Blitz, Zeitsch.*physi1cal. VAcm.,* 
1896, 19 , 885 ; II..Hi!tz and V. Meyer, Ber., lS8i% 22,*725 ; f?toek, Gibson, and *Stamra, 

- Ber., 1912, 45 , 3527 ; Prounerand Brockmoiler, loc. cit. * 

® Warteiibcrg, loc. cit. • ft • 

• Niiaonand Pettersson, ZcUach. physikal. CJum., 1889, 4 , 206. 
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For 'vhe formula AI.^Cl^ the vapour density sliould be 9'24, lor AlClj, 4‘6.^ 
The two metimds do not give identical results* bftt the dissociation with rise 
of temperature is obvwus. The reason for this discrepancy lies in the fact 
that in the Victor Meyer apparatus the aluminium chloride, when vaporised, 
is ditiiised in an inert gas and its mean partial pressure is thus considerably 
less than on^ atmosphere. 

Other examples^are provided by stannous chloride ^ and silver ^chloride.® 
All these are examples of the* phenomenon of dissociation. A rise of 
* 'temperature simplifies the molecular condition, giving rise to dissociation, 
and a lowering of temperature has the reverse efeect. 

' Whereas the term “ molecular association ” is usually cm{)loyed to indicate 
the union of two or more like molecules, the revers^ ,process of dissociation 
includes also the separation into unlike molecules. In all the instances so far 
•noted—as for instance, nitrogen peroxide or aluminium chloride—molecules 
have separated or dissociated into like parts. But (piito early in the deter¬ 
mination of molecular weights by vapour density measurements examples of 
abnormal vapour densities of tho second kind were found. Thus, mercurous 
cldoride, acedtding to the determinations of Mitscherlich^ and of Deville and 
Troost,® had the formula HgCl; but Odling® observed that tho vapour was a 
mixture of mercury and mercuric chloride, tho mercurous, chloride having 
dissociated into these substances. This naturally suggested that a molecule 
of mercurous chloride should be repre.sented by HgjOlj, and tlie dissociation 
by,^he equation— 

and in 1900, Baker showed that nicrourous chloride, when pure and dry, 
vaporises without dissociating^ and that tho molecular' formula for tho sub¬ 
stance in the gaseous state is really supposed.^ 

Phosphorus pentacliloride (HCy, ammonium chloride (NH/11), and 
liydrogeu imlid^ (Hl/fuvnisli other examples of substances having abnormal 
vapour densities due to a di.s^ociation into the dissimilar par^s, Pdl^.t’L, 
NHj.HCl, and (from 2HI) respectively. Reference will bo imule to 

the8e***8ubstance8 in the subsc(juont volumes of fids work, but it may be 
pointed out here Jj^a^ iu several cases investigated, tlie /'Koiirreuce of dissocia¬ 
tion defends ^on tlie pr(?sence of traces of iiioisiure. Ammonium chloride, 
for instance, can, like mercurous chloride, be vaporised witlioAt dia.sociation if 
pei;fectly dry.® 

(6) Tlie E^^ect of Pressure. —As has been already mentioned, dissociation 
is facilitatwl by diminution of pressure. This may be illustrated by reference 
to nitrogen* peroxide, the dissociation of wliioh maybe readily* followed by 
density measurements. If tho observed vapour density with reference to 
oxygen be d, and if a fraction a of the N.^0^ nKtleoules ha*,''\c8ociatcd,^then 

See also Doville and Troost, Ann. Chtm. Phys., I860, [iii.l, 5^* • Comff rend.^ 

1857, 45 , 8^.1 ; Nilsoii and Poltorf->on, Zcitach. yhyitical. Cheui.y 1887, 1, 459 ; Friedel and 
Crafts, rend., 1888, io 6 , 1704. 

' « V:andC. Meyer, 1879, 12 , 1196. 

* H. Riitz and V. Meyer, loe, eif'. 

■* Mitscherlich, Pogg. Annahn, 1833, 29 , 139. 

® Deville and Troost, Compt. rend., 1867, 45 , 821, d 

' ® Cdling, Qii&rt. Journ. Chem. 2tl, 

’ See Voi. III. of this a&'ies. « ' • 

» Baker,'' Trans^ Chem. Soc., 1900, 77 , 6J0; 1894, 65 , 012. On tlie behaviour of 
niercuroifc chloride, see also Smith and Miynzies, Zeiisch, phjaHcal. Chem., 1911, 76 , 713 f 
J. Amer. Chem. Soc., 1910, 32 ,1641. 
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for each molcc^ile of initially present in the undiasociated gas tfliere are 
obviously (I -a) + 2a or ^1-fa) molemiles of tho mixed molecules. The 
theoretical vapour density of is 2 875, at\d*henee by Avogadro’s 

Hypothesis, " * * 

2-875/(/=l + a. 

At a temperature of 49'7°, the following figiiros^ record the ^*ilues of the 
degree of dissociation (a) of the molcci^o, at various^pressurcs :— 


Pressure. 

a. 

Piossnro. 


-• 9 — 

- - - 

- _ 

- 

0 nim. 

1 -000 

182'69 Him. 

0*090 

26 80 „ 

0-930 

261*37 „ 

0*030 

93-75 „ 

0*789 

497*75 „ 

0*493 


The sulphur moloculo Sg likewise undergoes dissociation with decrease of 
pressure.^ • 

The Determination op MoiiEcuLAU Weight in .Solution. 

• • 

From tho analogy already discussed in Chap. between tho gaseous 
and dissolved states, a ctosc resemblance between the methods of determining 
molecular weights*in those two states is to he expected; and although^ho 
resemblance may not at first be obvious, a little consideration makes it clear. 

Tho molecular weiglit of a gas is obtained by finding what weight of it 
occupie.s, at 0° and 7()0 mm, a volume of 22,400 c.c. The measurements 
made are temperature, preswire, and density (fir concentration). • 

With a solution the problem is exactly tho same, it being necessary 
to determine wluit weight of the Hubstanet, dissolved 2^00 c.c. of the 
stdvont, exerts at 0" an osmotic pressure of 7G0 mm. Again the moasuro- 
monts are femporature, pressure (osmotic), and tlic com^entration (or, as it 
may be termed, tlie densi^, or mass of substance per \|«it volume). 

The molecular weiglctof a dissolved substance could, of course, bo obtained 
without any knowledge of the ^smotic pressure laws, fm-^ ioult’s empfricij 
laws concerningithe ihfprcssion of vapour pressiiro^and of fyeezivig-poUit make 
this possible. Indeed, llie principles and methods introduced by Kaoult are 
extensively used in molecular weight ({((termination in solutio;^. These Iffws, 
lowevcr, liave their theoretical basis in the laws of osmotic pressure, and a 
neasnrtment of the depression of vapour pressure or of tho freezing-point of 
i solvent is* only an indirect measurement of the osmotic pressure of the 
lubstanco in ^iltion. , 

«JJil)o*mcthods‘fb be described hfyx' include thos? depending on the direct 
noasuremeiit of osmotic pressure, tlie depression of vapour pressure, 4he 
ilev{j,tion of the boiling-point aiKSdopression of Uie freczing*poinl o^solutions, 
in 80 far as dilut'o solution^ are concerned tho theory of these methods has , 
been jiiscussed in Chap. Jlk One otlier meOiod of arriving at molecular 
form\ila3, viz., tho empirical method of Ostwald based on conductivity measure¬ 
ments, is also added. , 

---- . - 

* E and b. Nakaiisnn, Wied. Annahn, 1885, 24 . 451; 188lf, 27 , COft.- • 

* jfilU, 1901, 34 , 2490 ; II. Biltz and Prcimer, Zeitsrh. physik%},. 1902, 39 , 
823 ; Preuiior and Schui)p,*t5iif., 1909, 68 , 1294 Bleiar and K 4 >hn, Monat$h,^ 1900; 21 , 576, 

* See also Chap. VI. 
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Molecular Weight Determination from Osmotic Priissure.— The 

data required, as already stated, are the tempjra'inro, the osmotic pressure, 
and the concentration. ^Tlie osmotic pressure can he determined by using a 
porous cell with an artificiidly prepared membrane, or by the methods of de 
Vries and of Hamburger, as already described in Chaj). IIT. 

As tlie retiilts obtained with aqueous solutions of inorganic suhstanccs are 
abnormal, a phenoufenoh to be discussed later, some moasurementsrmade by 
Morse and Frazer on cano sugar riiay be used as an illustration. A solution 
"bf 6*84 grams of this substance in >00 grams of water was found to exert at 
15* an osmotic pressure of 4'91 atmospheres. 

It is required, then, to find the weight of sucrose, wliich,‘’in 22,400 grams 
of water, would exert at 0” an osmotic pressure of 1 atmosphere Since the 
gas equation is true for dilute solutions, this weight M is given hy 

M ^ «-84 X (273 + 15) x 22,400 
' ■ 273 X 100 x 4-91 

= 329-2, 

as compared with the theoretical value 342 calculated from the formula 
OJ 2 H 22 OH and atomic weiglits of the elements. The error is no greater than 
is found in many cases when molecular weights are dori\''cd from vapour 
density determinations. 

Raoult’s Cryoscopic Method: the Depression of Freezing- 
Point .—As ordinarily practised, the rnetliod used contains various devices 
and improvements introduced by Beckmann, but the essential process is that 
of Raoiilt, and consists in measuring the freezing-point of a solvent, before 
and after addling a known weight of the substance whose molecular weight is 
required. 

For very dilute solutions, platinum resistance thermometers give the most 
accurate results. Ordinarily, the Beckmann thermometer of mercury in 
glass, reading O'OOF, is em])h)yed (fig. 65). This thermometoivusually has 
a scale reading of only^5*-G^ and to obviate the necessity of having a large 
number of instrimients’snitable for dirterent tempiA-qtures, tlie tliermometer 
is 80 *'COnstructed ita 1,o be available for \isc at ditfercn/> temperatures. For 
. this purpose, ,tho upper e,nd of tlie capillai'y bore opens out into a large 
reservoir into whicli mercury can be driven. If, for e.xamplel the amount of 
mepsury in the bulb is sufficient to cause the thread to appear on the scale 
at 50*, loss meVeury will be required if the temperature to be measured is 
60*. The instrument is accordingly heated to about 64* until the exce.ss of 
mercury haH"been driven into the reservoir, and it will be found, on cooling 
that the thread is visible on the scale at 60*. A slight correction is needed 
for the varying amount of <lnercury in the bulb.^ ^ 

The freezing-point apparatus (fig. 66) c'onsists of a stout glass tube fltTed' 
witn a sidp tube, ynd closed at the top by^ cork, through which pass the 
thermometer and stirrer (preferably of platinum). . The side tube, also closed by 
a cork,’ servos for the introduction of the substance under investigation. Sur¬ 
rounding the freezing-point tube is a wider tube which serves as an air jacket 
and so prevents too rapid a fall of temperature, and finally the cooling-bath 
.which* may contain a freezing mixture^ ^^ater^only or other material, according 

^ See^Ostwnld-I-ather, thysico-cheiniscke Messungeii Srd edition, 1910). Fora 

description of various types o/‘ dilferential thermometers, see Beckmaiiii, Zeiisch. physihal. 
Chem,^ 1906, 51 , 329. 
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to tne freezing-point of the solvent. A known weight of the solventiijs intro- ■. 
duced into the freezing-point t»l>e and the freezing-point detennincd, when¬ 
ever possible^ by the method of supercooling. For tl i.s purpose the solvent 
is cooled directly in the cooling-batft until solid biggins to separate. The 
tube is then quickly dried, placed in its jacketiflg-tube, the liquid stirred 
slowly, and the temperature read off when it has become constant. An 
approximate value for the freezing-point being thus ol^ained, the tube is 
withdrawn from its mantle and tlio frozer^ solvent allowed to melt. It is 
then replaced in its jacket and the liquid siirred slowly while the temperature,. 



Fio. 65.—Beckmann therniotnctor. Fio. (-6.—BockiiuuMi fjocziitg- 

poiiitafparutii.s. 


falls. Who* the temperature has fallen to 0'2‘’-0'r>* below the approximate 
freezing-point, the liquid is stirred more vigorously,* when crystallisation 
co^njjieroes, ar.fi the temperature rises.' Tlie li<pi#d being slowly stirred, the 
. temperature is read off e.ery fevf seconds, the thermometer being tapned 
before each reading. The highest temperature reached is reeorcled m the 
freeiing-point of the solvent, lire freezing-poilit should be detenniaed in 
three independent experiments and the mean value adopted. » * 

AVeighed quantity of*thesolute (usually cbmpressed by means ofa small 
tabloid press) is then introduced through the side tube into the solvent and 
allowed to dissolve. The freozing-pomt of the solution is thon,detcnnitted as* 

- _._ X _•___ 

* If crystallisation does^ot commence, the'liquid must be inocnlate(hwith a tij^ 

. of the solvent. * • 

YOL. 1. 


10 
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already /loscribed, an approximate value and then four or five a'fccurate values 
being found. . 

A fiirtbcr addition «f solute and another frcc/ing-point determination are 
then made. 

In order that reasonably accurate results may be obtained, the cooling- 
bath should ,pot bo nmre tlian 3" below the temperature at which the solvent 
freezes, the amount of supercooling of the solution should not exgeed 0‘2'’- 
0’5", stirring should be uuiforn: and not too rapid, and thp thermometer 
.should always bo smartly tapped before a temperature is road. 

The calculation is made as follows: If w grants of a substance, dissolved 
in W grama of solvent, lower the freezing-point of the laUer by A* C., tho 
molecular weight M of the solute is given by ' , ' 


where the value of the constant C depends only on the solvent. 

Tho following arc the values of the cryoscopic constant C for some 
'jommonly used solvents:— 


Water . . .18(30 

benzene , . . 5000 

Nitrobenzene . . 7000 


IMienol . . j . 7300 

Acetic Acid . . 3900 

Formamide . . 3900 


'The constant C is equal to one hundred times the value of Raoult’s 
“molecular depression of the freezing-point” (p. 122), which may be 
calculated, as was shown by Van’t from tho equation 


Molecular depression 


^2T- 


in which T denotes the freezing-point (absolute) of the solvent, and L its latent 
heat of fusion Ui calories per gmm. 

Molecular Weig^ht by the Depression of Vapour Pressure.— 
Jlaoull’s law of depression of vapour tension for dilute,solutions of non-volatile 
soluViS (sec p. 11 4 ) 4 *may be written as 

" '■ • ^ PiiZPi^9. * 

„ Po' “N 

If w is the weight of the .solute dissolved in W grams of solvent, 9/i and M 

denote the molecular weiglits of solute and solvent respectively, ^ and 

W c 

N = , so that c * 

M ». t 

t Po''Pi 

„ ' * ‘ ft' . 


and heVe m can be found frorp measurements oMhe vapour tension. • 

The method is not used very extensively for inorganic solutes, and is 
mainly confined to aqueous solutions. Two sets of h^ilhs are connected in 
^^eries,•the first^sot containing^the |oli*t%n, the second, solvent only, all being 

' Vaitf-t [luff, K^Svniska Vet.-^kad. JiandL, 1886, 2i, Z^fZeitsek, phyaikal. CAew., 
1887. 1, 481 ; Phil. Mng., 18«8, [v.], 26 , 8f 



MOLECULAR WEIGHT AND ITs'DETERMINATION. 147 

kept at consTant temperature. If now a current of dry air isjoubbled 
through the liquids, it wiU t^ke up an amount of vapour proportional to the 
vapour tension. From the tlie first sot it will reniovo^a quantity (which can 
be arrived at by weigliing before anti after the extferinient) proportional to 
and from the solvent, which has a higher 'vapour t'-nsion, a further 
piantity proportional to the difl'erence of vapour tension, -/>, Tlie total 
imount removed is proportional top,,. Hence, by anbstituting these values, 
ind knowing the concentration of the solution, the molecular weight of the 
;olute can ho found.^ ^ 

Instead of measuring tllb depression of vapour tension, it is more usual to 
determine the cl^ivation of boiling-point wliich, for dilute solutions, is pro- * 
portional to it. Fi9r,^fli fig. 67 below, suppose tlic tljree curves represent 
the vapour tension of the solvent 1, of a solution II, and of a more concen¬ 
trated solution III. At a common pressure indic.-itcd by tlio lino ABO, the 
boiling-points are f,, and such that ^ 2 " ^ elevation for tffe 

first solution, and (A(l) for the second. If dilute solutions only are 



Fig. fi7. —Blovation of boiling-poiit propurtif'iial lb lowefing 
of vapour teiisioi^ ^ * 

considered, then the portions of the curves are vcrytliort, and may he eon- 
sidered straight and j)a.allel (see p. 114). 

Hence, AC*AB-AE:AD, * • 

or, the elevation of boiling-point is proportional to the depression of vapour 
tension. • 

Rugheimer^ used a combination of tlie two processes in determining the 
molecular weights of a number of metallic chlorides dissolved in molten bismuth 
chloride. A measurement was first made of the effect of pre*ssuro on the 
boiling-point yf the solvciit, next, the boiling-point of tlie solution of known 
c<':rvenc.ration was observed. From the fit'st sA of measurements, it was 
possible to calculate the vapour tension of the pure solvent at the boiyiig- 
poijit of the solution. Hence, ;tl 80 , the deprcjjsion of th<^ vapour tension at 
this particular temperatuid was obtained, and by substituting the ^«lue8 in 
the equation already givep,,ithe molecular weight was found. / * 


^ For details, see Q.slwald-Lutiier, rhynikvehenmchc Messungen ; Walker, Zeitsch. 
physikal. Ckem,., 1888, 2, 602 ; Earl Ber’^ejey and Hartley, I'roc. Hayk Soc., 190|, A, 7 % 
166 ; Tran;^., 1909, A, 209 , 177. For oiier \|ipour-i*ressure methods see Biddle, 
Amfr. Chem. 190:5, 29 , 841 ; Menzics, J. Jmer. Chem. Soc., 16W. * 

* Riigheimer, Ber., 1903, 36 , 8030; Annalen, 1906, 339 , 297 ; Riiftieimer ar4 Kudolfl, 
ibid., 1905, 339 , 311. • • 
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TJsinff the solvent named, KUgheimer and Riidolii obtained the following 
results;— 



Molecular Weight. 


Molecular Weight. . 

Substaiico. 

Found. 

Calcd. 

Subetaiice. 

Found. 

Calcd.' 

LiCl . . . 

46'8 

42 48 

CaCI, . . . 

113-8 

'• lll-O 

NaCl . . . 

65'0 

5?r'5 

SrCb . 

BaCL . 

163-9 

158-66 

KOI . . . 

70'8 

74-f, 

‘203-6 

208-3 

CsCl . . . 

169 6 

168 86 

PbCI.j . . 

276 2 

277 8 


Ebullioscopic Methods. The 

■Beckmann's Method .—A convenient 



Fig. 6 S. ~r»eckmann’8 boiling-point 
' ' upparatus. ^ ^ ^ 

of a ki^own weiglit of the substance, 
boiling-point is repeated with the (To! 


Elevation of the Boiling-Point. 

form of apparatus for general labora* 
tory use is sliown in fig, 68. 

The boiling-point tube A has two 
side tubes and Through 
which is closed by a ground-glass 
stopper, the substance under investi¬ 
gation is introduced as required. 
The tube is longer than tj, and 
carries a water condenser to return 
condensed vapour to the boiling-point 
tube, and an uprigut tube containing 
fused calcium chloride, giving access 
to the air. A stopper at V carries the 
Beckmann thermometer which dips 
into a known weight of the solvent. 

The boiling-point tube stands on 
a square of asbestos millboard, and 
is protected from cooling effects by 
surrounding it with a cylindrical glass 
mantle G containing air, a square of 
mica, S, cuttiJog off' radiant heat and - 
hoi air currents from the exposed parfe^ 
of the thermometer. The source 
heat is a small gas flame, and siipef- 
heating is avoided by introducing 
glass beads, garnets, pieces of granite, 
or, best of all, small pieces of platinum 
foil bent into the form of'vetrahedra. 

The boiling-point of the solvent 
is first noted. Sonife little timer’s; 
generally needed before the tempera¬ 
ture becomes steady to within O'OP. 
When this condition has been at- ' 
tained, t^e temperature is note^ and 
the height of the barometer read. 
The apparatus is allowed to cool a 
^few degrees before the introduction 
(best in the form of a small j)a8tine)' 
and aftorwardi^ the measurement of - 
ution. Several additions of material 
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may be made and roadincs taken. The boiling-points should be Corrected 
for variatjons in barometric pressure during the experiment. 

The molecular weight is then cajculated from y,*formuIa very similar to 
that used for freezing-point moasuroments, viz.— 


M = 


C X w 
A'jTW’ 


where A is now the elevation of the boilmg-point, and C is the molecular 
elevation. The constant <G in this equHtion may, like the corresponding^* 
freezing-point co^istant, be calculated from a theoretical equation, namely, 


C 


2T* 

17 * 


whore T is the boiling-point (absolute) of the solvent and b its latent heat ^f 
vaporisation in calorics per gram (.see p. 14fi). ^ 

For some common solvents, the following are values of the constant C:— 


Benzene . . . 2700 

Chloroform . . 3900 

Carbon disulphide . 2400 


Ethyl alculiol . .*1170 

Acetone . . . 1700 

Water . . . • 520 


The above process gives results which should not vary more than ± 6 per 
cent.^ * 

The LanfJ^heryer-HaJiurai Method.— of heating the liquid either by 
a flame or by olcctricJl means, it can be more rapidly raised to its boiling- 
point by passing in vjipour of the solvent. Sakurai^^ first used this method 
in molecular weight deten^rtnations, and*tlie sdme principle is adopted in the 
better known Landsberger method.® Tlio method, as used by tlio latter* 
author, was not intended to give results of* great accumey, but the improve¬ 
ments introduced by Turner* provide a meaps of obtaining ^edrate results 
at a greater speed than is possible with the ordinary Beckmann apparatus. 
The latest m()dification (%. 69), employed by Turnerf^nd Pollard,® consists of 
the molecular weigh^tube AB, 17‘5 cms. in length and 2'8 cms. diaine^r in 
the main portion, fitting at a ground glass joint h inttTrho boiler CD, whieh 
also serves as it constant temperature jacket. Vdpour passe-s *from the boilei 
through E, 12 cms. from the bottom of AB, and issues through two perfora¬ 
tions at V into the liquid whose boiling-point is being moasiwed. Froifi the 
tube AB \apour escapes by tlic tube KL, which should be as short as po.s.sible, 
into a* oon^lenser, connection being made at another ground glass joint c. 
Into the molecular weight tube a ground glass stopper with two tubulures 
fits at a, one*tu*buluro providing the vapour exi^, the otlier an entrance for 
rf ofiort-stemmed Beckmann therm^juieter of ^-8 mm. diameter. 

In carrying out a determination, the molecular wei<dit tube, together 
with the stopper, vapour exit tube, and thermemeter, is ieighed‘to a centi¬ 
gram, and a small but undetermined quantity of solvent then added, a^aecond, 
and larger quantity being "placwl in the boilsr with two or three pieces of 
porous pot to produce steady boiling. Vapour passes into the liquid in ibe 


1 For a discussum of the condition^ nnes -sery to giro accurate res«lts%ith this fhvthod*, 
86 © Beckmaun, ZAtsch. physikal. Chem,, ]90S. 6j, 177.* • • 

® Sakurai, TVana. Chem. Soe.^ 1892, 6 i, 989. ® LandNbcrger^Acr., TSdS, 31 , 468, 

* Turner, Trans. Che^, Soc., 1910, 97 ,11^. , • 

* Turner and Pollard, Froc. Chem. Soc.^ 1913, 29 , 349. 
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molecular weight tube, during which process the tap Tj is usually Vept closed, 
and by its condensation raises the temperature*to the boiling-point, indicated 

by the constancy of the thermo¬ 
meter reading. Most of the sol¬ 
vent is now returned to the 
boiler, a known weight of the 
substance to bo tested'is placed 
in the tube, and the process re¬ 
peated. After reading the tem¬ 
perature, the apparatus is quickly 
disconnected (it a and c, and the 
tube, with its attachments and 
contents, again weighed, Tj being 
closed. The weight, loss that of 
the apparatus and solute added, 
gives the quantity of solvent pre¬ 
sent. By connecting the appara¬ 
tus again, and continuing the 
passage of vapour, a series of 
readings at dilTtront concentra¬ 
tions can be made. It will be 
noted that in, this process the 
amount of solvent is increased, 
whorca.s in the Beckmann method 
the amount of solvent is fixed, 
and that 0 / the solute varied as 
desired.^ 

Molecular Weight by 
Conductivity Measurements. 

:—As a result of m^cumments 
made on the alkalL salts of a 
large iKimbcr of acids, Ostwald^ 
found thc^ difference in the^^ 
equivalent conductivities (Wdi^ 
mfra, p. 205) of N'/1024 and N/3ffl 
solutions at 25^ to be approxi¬ 
mately equal to ten times the 
basicity of the acid. Expressed 
algebraically-— ^ 

.^1024 ~ ^ 

where ^^<,24 and A.^o are the 



the TaindsbergiT-Sakurai apparatus. 


vaknt conductivities at dilutions of 1024 and 32 litres respectively, and B 
representsthe basicity of tho'acid.® ' 

• For'further details, particularly the conditioua req/.'isjte for accurate measurements, 
the original pa|>ers mentioned above should be consulted 

* Ostwula, ^eilsch, physiknL CJum., 1887, 1 , 74 ; Walden, iHd., 1887, l, 629 ; 1888,3,49. 

, * Tfe rule may, be more generally expressed ^^hus 

' fXjoo4 ^ A32 = . Wj. C, i 

where valency of anion, 7i3=valeucy of cation, A*=equivalent conductivity at a dilution ' 
of X litres per gram-equivaleut, and C is a»constant for each temperature. At 25* C, the ' 
value of the constant is 10. 
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This rule provides a means of measuring the basicity of an acj^ and* of 
deciding the formula to 6e ,migtied to it and its salts. Thus jwtassium 
permanganate was at one time assign'll the formula IJnMn^Oj,. TJie following 
results prove, however, that the simple formula KMnO^ is the correct onc.^ 
fi represents tljp etjuivalcnt conductivity, and 7/the vohnne of solution, in 
litres, which contains 1 gram equivalent of solute. 

V. fi. V. fA 

32 11.3*7 , 128 lli0*9 

64 117*1 250 121-8 

Whence, • ^ioi !4 ~ ^2 ^ 

On the other hand, tlie simple formula KSO^ for potassium persul¬ 
phate was, by the same method, shown to be incorrect, and KjSJOg 
substituted.^ 

Consideration of Results. —Since, according to Van’t Hoff, a substance 
dissolved in a liquid medium behaves as if it were converted jnto a gas, it is 
natural to expect general agreement between the molecular weights of sub¬ 
stances in tlni gaseous state and in solution. Tims, arsenic trichloride 
dissolved either in benzene® or in carbonyl chloride,* has \ho molecular 
weight corresponding to AsClg, and the same valuo is arrived at from vapour 
density determinations. So, also, iodine is represented by T^, botli in the 
state of vapour and in solution in bromoform '^ and in a largo numl.fer of 
other solvents; and* nitrogen peroxide dissolved in acetic acid exhibits 
the power of forming double molecules to much the same extent as in the 
state of vapour.® Slill further, the metals nwreury, lead, zinc, and cadmium, 
which, as vapours, have'monatomic molecules, exist in a similar condition 
in solution in tin." , 

If different results are found in the two states—anS it may tj^e said at once 
that ther5 are many such cases,—the cause ^nay be traced t^.*one or more of 
the factors, temperature^ concentration, and solvent. ^ With regard to the first, 
it will be apparent, fr>m the fact that much lower temperatures are used, as 
a rule, in solution iTieasurements tluin in vapour, thatibe possibility trf asso¬ 
ciation becorrws increasingly greater. • , * 

The following are examples Of inorganic substances known to bo ai^sociated 
in Solution in certain solvents: hydrogen chloride and nitrogen peroxkie and 
tri-oxide (in benzene); water; sulpliur and phosphorus; ® ant^iony trichloride, 
and Hri^romide; mercuric, zinc, ferric, and lithium chlorides; aluminium 
bromide ^d iodide; ammonium, potassium, and rubidium kiffidos, and the 
halogen cony)aMnds of the organic bases resembling tlie alkalies. The extent 
association varies in practical^ all case* witlf concentration, the molecular 
size increasing as tlie solution becomes more concentrated, as illustrated by 
the following examples:— * ^ ^ * 

* ’ Bredig, phy^ikal. Chtm., 18^3, X 2 , 230. 

® Walden, loc. cit. ; Bredig, loc. rit. 

® Raoult, rend., ISSf), loi, 1058. 

* Beckmann and Junker, Z^Usrh. anorg. Chnu. , 1907, 5 ^ 371. 

* Beckmann and Stock, Zahm. i)\ysik(\K CAc/^., 1895, 17 , 107. 

* Ram.say, Trai\9. Chem. Soc., 1888, 53 , 621. 

’ Hi^cockaud Neville, Trans. Chem. Soe., 1890, 51 , 8 if 6 , 

" Beckmann, Zeitsch, physikal*Chem., 1890,^, 76, 


V, fl. 

512 122*6 

1024 123-7 





Phosphorus in Carbon 
Disulphide.* 

AntinmuT Trichloride 
in Chlorororm * 

I’ per 100 
grams CSj. 

M. W. 

SbCIj i'or 100 
grams CHGI 3 . 

M. W. 

gi’ams. 

u 

grams. 


I-.'ISI 

129' 

6-4 ^ 

262 

3 7'J3 

134 

7'34 

269 

7-44 

142 

8-88 

27i 

10 84 

150 

11*1 

' '284 

ISM 

170 



(!',.= 12 

)■ 

(.SbClj = 22 

6 ' 6 ). 


In salts the degree of association depends both on the positive and negative 
radicle, an increase in the mass of the positive radicle, when a series of 
similar salts is considered, bringing about a decrease in the degree of associa¬ 
tion. Thus, m chloroform solutions, each containing 0*026o gram-molecule 
of solute in 100 grams of solvent, totraethylammonium bromide has an ap¬ 
proximate molecular formula of [(C.2H5)|NBr]7 2, and totrajjropyl-amnionium 
bromide [(03Hj)^NBr)],.7(,. In like manner, ammonium iodide is more 
strongly associated than potassium iodide, and this, in turn, more than 
rubidium iodide.^ * 

The Influence of the Solvent in Molecular Weight Deter¬ 
minations, —Another factor besides the temperature may serve to mako 
the molecular size in solution difterent from that in the gaseous state, 
namely, the influence 0/ the Bolvent<itself. This influence may be chemical or- 
physical, or h^th. When combination occurs between the solvent and the' 
sxibstance dissolved, it is usuahy found that the molecular weight of^the 
substance is apparently lowered. Instances of this ftccur in the aotermina- 
tions made by Werner and his pupils^ of the molecukr weights of a large 
number of halogen ajaUs of metals, such as CluCl, AICI3, etc., in piperidine, . 
pyridine,^and other solvents, in which combination between solvent and 
solute occurs. 

Where chemical action is al)sent, the solvent may exert an influence of^; 
another kind, ^iolvents have generally been classed as associating solvent^C 
or dissociating solvents according as they allow or prevent the formation, by “ 
substances dissolved iij thorn, of aggregates of simple molecule^. To the 
class of so-called associating solvents belong benzene, carbor^ disulphide, 
chloroform and bromoform,‘etc., and to those which prevent association‘•p* 
actu^ly dissociate the molecular complexes of added substances belong 
water, methyl and ethyl alcohol, and others,, It has been shown ® that tjie 


' Beckmann, loc. cil. ' « * 

* Turner, Trails. Ckem. Soc., 1911, 99 , 880. 

* For references to and discussion of the molecular association M salts, see W. E. S. 

Tpnier, Trans. Chert. Soc., 1911, 99 , 880. , , ( 

* Werner, Zeitsch. anorg. Chem., 1897, U5, 1. « 

® Turner, Is.-,. cU., also Trans. Chem. Soc., 1912, loi, 1928 ; Turner and Pollard, ihid., 
1914, 105 ,1761; Turner and Bissett, 1914, loS, 1777 ; Meldrum and Ttfrner, Trans, Chem, 
Soe,, 1908, 93 876; 1910, 97 , 1^05. *'■ 
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degree of assSoiation depends largely on the dielectric constant or specific in^ 
ductive capacity of the msdium, media of high dielectric constant preventing 
wsociation, whilst those of low value most readilj permit of association. 
A medium of high dielectric constant weakens the itttractivo forces between 
molecules, whereas one of low dielectric constant allows these forces freer 
play, and does not hinder their mutual attractions. “ 

The Molecular Formula: of Inorganic Subs|ancei.— From the 
foregoing it is evident that molecular 8ize,#ud therefore molecular formula, 
should be associated with certain definitf^conditions if any uniform system^ 
for writing molecular forniTilcc is to be obtained. Quantitative knowledge of 
the molecular st^tc of liquid substances (see this chapter) is at present so, 
uncertain that it isMgf usual to take it into account in fixing the formulas to 
be adopted. Avogadro’s Hypothesis is made the basis of the molecular weight 
system, and equal weight is given to determinitUons whether made in the 
state of vapour or solution.'-^ No convention lias been adopted, however, *as 
to the temperature of comparison, or to the medium to be regarded as the 
standard. The simjilest molecular formula of iodine obtainable is I, not I*, 
for dissociation of begins at as low a temperature as 6001, and at high 
temperatures the sulphur molecule is undouble<lly represented by S. As to 
the medium, i^ is uniformly the same in vapour density determinations, 
namely, the ether (vacuum), tlie dielectric constant of which is*taken as the 
standard (and lias tIio*lo\vcst) value, unity. For investigation in solution, 
then, some solveift of low dielectric constant should be used if the process is 
to bo comparable with a vapour density determination, and the state of the 
free physical molecule is to bo ascertained. If water is the solvent, in the 
case of a salt tlio simplest possible molecular woiglit may be no more than a 
fraction of that cofrespoyding to the simpiost chemical formula. It has- 
therefore been suggested'liy Turner tlTat one of the following Bchenies bt* 
adopted for the derivation of molecular wiygbts and fo^uUej— 

• I. Employ as molecular weights and formulie those values w^icli actually 
correspond to the states of the substances unTler specified coiutitions. 

This means that each substance may be represented by different formula 
according to its temperature and concentration, and also according to the 
nature of the mcdiflm surrounding it. w- • 

II. Choo8e,moleciilar weights and formuhe onJy from the results of vapdui 
density measurements, as in the original <app]icatioii of Avbgadro’s Hypothesis, 
since, by so doing, the medium will be fixed; and use for purposes of^com* 
parison temperatures within 100'’ of the boiling-point. ., 

IH. Make vapour density measurements only tlie basis, and adopt the 
formula dbrresponding to the highest toniperaturos attaiifod with the 
substances. • , 

The first scheme is doubtless the best in iheory, but, in the present sUte oi 
knowledge, hardly possibte in prakice, and scheme IT. is probably better^tban 
m. The last-named agrees ir^ some respects^ with present practice, in that 
the smallest or simplest possible formula is usually adopted. Thus^Hj, N^, 
O2, A^Cl^, NaCI, KCl, A^QI would represent molecules of these substances; 
as is at present the custom in chemical literafiire. Cut then, for the sake of 
consistency, cuprou^chloride should be written Cu^Clo and not CuCl; and Pj, 

• 

‘ See Turner, ?oc. n v i.« 1 

“ The U8ual custom 4>eing to use the smallest possible formula obtainab^^ by theaC 
processes. See Turner, MoUculdT j4ssocttf^toa^Longmaiis, 1S15). 
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Afljt S, and from the indications given at 1500*, Br and Cl, fi/hoiild also be 
written for luolecnlar quantities. Molecular forif ulje chosen in ^iccordance 
with scheme 111., however, cannot be regarded as strictly compai’able. In 
any case, whichever of the preceding systems be chosen, the data at present 
available only suffice for the determination of a limited number of molecular 
formulce, and the majority of formulae can only be regarded as empirical. 
Abnormal Molecular Weights in Aqueous Solutioqi. The 
Theory of Electrolytic Dissociation. —When water is the solvent ^ in- 
^ molecular weight determinations aqd the substances concerned are electrolytes 
*—acids, bases, or salts,—the results differ essentially from those observed 
, with non-electrolytes, such as cane sugar, urea, etc. Moleeulo for molecule, 
an electrolyte always produces a greater osmotic prCsswre or depression of 
freezing-point than a non elootrolyte. Accordingly, at the time when Van’t 
Hoff* showed, from his interpretation of Pfeffer’s osmotic pressure measure¬ 
ments, that the equation PV = 11T holds alike for gases and solutions, he was 
obliged to introduce into the equation, where olootrolytos were concerned, a 
factor i (the so-called Van’t Hoffs factor), 

, Obs. osmotic pressure Obs. F.Pt. depression 

where i v -r-i-or _ .-—i-:—, 

Calcd. osmotic pressure Ualcd. h.rt depression 

f *' 

the solution beini; ot normal concentration. For, salt solutions 'of this 
strength, accordingly, the gas equation became PV = tRT. _ 

yhe explanation of this phenomenon, put forward by Arrhenius in 1887, 
is known as the Theory of Electrolytic Dissociation or the Ionic Theory. It 
will receive detailed treatment in a subsequent chapter'(seo Chap. VI.). 

'I’hk Molecular Wkouts op PuIik I,(quids. 

Many methods hav) boon proptsed by which the molecular weight of a 
liquid subskince may be measured, but none of them possesses a sound" 
theoretical basis such as Avogudro’s hypothesis affords to the study of gases 
and dissolved substanoes. At best, the results ftaii only be regarded as 
approximate. Of the various methods, only those which have in some 
mpashre been used-with i#)rganic substance,. are discussed. 

Ramsay "and. Shields’ Method. — The early work of Edtvos ” 
formed tho basis upon which Ramsay and Shields® founded a method for 
determining thq molecular weights of pure substances in the liipi’id state. 

It has been seen in Chapter II. that if P, V, and T denote the_ pressure, 
gram-moiccujar volume, and absolute temperature of a g.as, tl'ne 

■ PV-HT, 

where R is a constant, independent of tho nature of,the gas. The productf*V 
maybe termed the volume-energy of the gas. An eipiation of similar type 

. * Turner and his co-workers have shown that the molecular woixht of a solute is almost 

entirely a* fcinction of the dielectric constant of the solvent. • IVhen this constant is high, the 
molecular weights of electrolytic solutes are smaller.' Water, formic acid, formamide, and 
hydrogen cyanide—all solvents of high dielectric constant—hehave similarly. Thus water 
i, not r^lly abnonpal in its behaviour although,^beiii^ the first caseVf its kind to be studied, 
it was regarded as exceptiona). , « * ‘ ^ 

® Eorvos.ifPfrd. Jmialcn, 188tJ, 27 , 448. 

* Ranusy and Shields, Fhil. Trans,, 1893, A, 184, 647 ; Trans. Chem. Soc,, 1893, 63 , . 
1089. • • 
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has been sjiown to hold, within certain limits, between the surface^nergy of 
a liquid and the temperature# The equation is 


T, 


where (y.«) is the surface energy, t tlie temperature moaHured downwards 
from the critical temperature, and A is a constant, independent in tfie nature 
of the liquid. The surface energy is the product of y^the surface tension 
between the liquid and its vapour, and s, wtich denotes a surface over which ’ 
are distributed a certain clefinite number* of molecules , •• 

the same foi* alhjiquids. 

The preceding ^quntion was found by Itamsay and 
Shields to be only aq)proximately true. The relation¬ 
ship between (y.«) <and r was found to be as indicated 
in fig. 70, the portion OC of the graph starting from 
the critical temperatuie at () being curved, and the 
portion CA being rectilinear. Hence it is necessary to 
subtract from t the Value OB = rf, say, and not to use 
the erjuation at temperatures between D and 0. The 
corrected equation is therefore 



y. s = ii(T - d). Fiq. ?0. —Variation of 

rm 1 A »• 1*. . /. molecular surface 

J he value of a is^usually about energy with the 

As a measure of the expression (Mv)!, proposed tenij)erature. 
by Eotvos, is ado])tc(l; M and v denote the molecular * 

weight and specific folume {ie. volume occupied by one gram) of the liquid, 
respectively. , 

In order to eliminate^«(f and arrive at the value of k, measurements of 
specific volume and surface tension are made at two difi’erent temperature* 
Denoting simultaneous values by the samt sutfix, the ^jualiens 


• y,(Mv,)i = ^(Tj*-(0 

, y2(iVDj2)i = ^‘(T2-(f) 

lead to the following Equation for k :— 

(’■i - 

Now it is found that if k be determined from this ei^tiation, using for 
M tli« nftilecular weight of the substance in the gaseous state, the value is 
2T2 (usii% e.G.S. units) for quite a number of substances. *lt is therefore 
concluded that these substances undergo no change in molecular weight 
.48 tli^ir passage from the gaseous to the liquid*etate.^ Among such noi'mal 
liquids are benzene, chldl-obenzoife, and ether. When, therefore, it is observed 
that the value of k for a liquid js less than 2'12, it is coi^pludeil that a^ocla.- 
tion takes place when the vapour condenses* to liquid (since obtain the 
not;mal value of A a grei^ter value for M is necessary than the onevthat has 
been assumed). From flio observed value of k^ for*any particular substance, 
it is possible to derive an approximate measure of the deoree of amciation. 
Thus, if association has taken 2'1'2, simply bei^jiuse ^16 

_S_ _ • . .. .. 

^ For a discussion of this point, see Yoiyig, Stoichiometry (Lonftmans, 19'i6), pp. 222 
and 362. • 
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mass of (.the molecule is not truly represented by M, but by xU, where * 
greater than unity and e.-epresses the degree of assSiciation. Hence, whilst 

y(Ma)J = /t,{T-d), 

by substituting «M for M the equation becomes 

, y(a:Mi>)l = 2-12(T-4 

whence 

, . »=(2-12A,)i 

approxiniatelj. 

The practice of the method requires the determinations at two tempera¬ 
tures (for accuracy, not less than 10“ apart) of 8urfaco« tension and density. 
The surface tension is measured by the height to which the liquid rises in a 
capillary tube, and is calculated from the equation y=yr<rA/2, where h is the 
h^ght of li(]uid, a* the density, r the radius of the tube at the meniscus 
of the liquid, and </ the constant of gravitation. From the density the 
specific volume v is obtained, since 

The following table, compiled from the results of several investigations,* 
■ records the degree of association of a number of substances:— 


Substance. 

Teiiqtcra- 
ture ®C. 

X. 

Substance. 

Teriijiera- 
ture '"C 

X. 

Phosphorus trichloi ide . 

16-46 

1-02 

aSuljdiuric acid. 

10-2-132 6 

32 3 

Sulphur monocbloride 

46-78 

1-01 

Sodium nitrate. 

330-400 

10 7 

Sulphury! chloride . 

16-46 

0 97 

Potassium nitiate , 


8 7 

Silicon tetracidonde 

18 9-45 5 

1-06 

Silver clilor'de. 


3-29 

Hydrogen chloride , 

159-192 

l '?2 

Load chloride . 


3'60 

Water ..... 

20-30 

6-81 





Ramsay and Shields’ method has been eitiploye-l much more tlian any 
other for determining the molecular weights of liquids, but in a number of 
(^es the value of k is considerably greater than 2’12, which would apparently 
represoQl a etak of dissociation of the molecule. In most instances where 
•this is observed there is no reason to believe that dissociation actually occurs, 
and the existence, of such cases shows that implicit reliance cannot be placed 
upon the method,® It is more reliable to regard a liquid as normal when 
(y.«) is a liue^tr function of the temperature than to judge by the numerical 
value of k. 

The surface tension of the liquid need not be measured by *ho cajdllai'y 
tube method; Morgan uses the arop-weigJii metho^, basing it upon Tal^S 


J For details of apparatus and methods, see Ramsay and Shields, loe, cU. ; Dutoitaiid 
Friderich,^rcA. Sci.pkys. nat., 1900, [iv.], 9 , 105 ; Guye and Baud, ibiil., 1900, [iv.], ii, 
409, 537 ; Ilewitt and Winmill, TraM. Chetn. Soc., 1907, 9 r; 441; Rena^ aud Guye, J, 
Vhdm. pkys., 1907, S, 81. 

* Hanisay and Shields, loe. cit. ; Ramsay and Aston, Trans. Soc.^ 1894, 65 ,107 ;• 
BQttomie;', ibid., 19,|!3, 83 ,1421 ; Lorenz and FacHer, iffer., 1908, 41 , 3727. 

* See Dutoitand Friderich, loe. cU. ; Mus Homfray and Guye, J. Chinx phys., 1903, i, 

505; Turrfer aud Merry, 7'ran.i. Chem, Soc , 1910, 97 , 2069; Walden, Zeitsek. physikal, 
Chem., 19ir, 75 , 556'; Tyrer, ibid., 1912, 50; Guye, J. Chifn. pkys., 1911, 9 , 605; 

Walden and Swmue, Zeilsck. pkysikal. Ckm., 1912, 79 , 700; 1913, 82 , 271. 






MOtEcritAR WEIOOT AN^hfei DETttBi&ATfON. . ’ J67 

• ■ -' • . 

Lftw that theVeight of a drop of liquid, formed at the piano end of a thicfc- 
walled tutfe of capillary ly>re and allowed to fall as the result of*its own 
weight, is proportional to the diameter of tlie end of the tube and to the 
surface tension of the li(|uid.^ Tatois Law, howevcrj is only approximately 
true under certain conditions, as has heen sliown •theoretically by Lohnstein 
and practically by Harkins and Humphrey. The latter investigators have, 
shown tlnit the drop-weight mctliod may be accurately apiMied without 
assuming Tate’s Law.* ^ • 

Trouton’s Law.^—Trouton’s I^aw, usually stated in mathematical 
form, is ML/T = constant, ifhore M is the Jiolecnlar weight (»f the substance*' 
(as a gas), L it^latent heat of evaporation, and T the temperature of the 
boiling-point (at atawsjlheric pressure) measured on the absolute scale. 

Walden, from a largo number of measurements with normal liquids, gives 
20 7 as tbe value of the constant for normal liquids. If tlio observed value 
is appreciably higlier than this, it is taken as indicating association of tjlo 
molecules during passage from the gaseous to the lapud state. Thus, liquid 
ammonia gives the value 23'6 and water about 26, so that these substances 
in the liquid state are not represented by the simple fornpilre NHg and 
HjO respectively, as indeed all metliods agree in indicating. 

Walden’s ^Methods. —Walden iias deduciid a method in which the 
surface tension is involved, but which differs essentially from* the Ramsay 
and Shields’ method. The surface tension results are not employed in the 
ordinary units, bift in terms of the specific cohesion a^~2yjfr, where y is the 
surface tension and c the density. Walden*^ finds that between tbe latent 
heat of evaporation ayd tlie specific cohesion, wlien both arc measured at the 
boiling-point, a relationship exists such that Ij/u^ — constant. Tlie average 
value of the constant*is found to bo 17*9. Ru^, according to Trouton’s Law, 
ML/T--20-7. By sub.stiuTtin^ tho value L=l7'9a2 in this equation, the 
expression M = l-16T/rt^ is obtained, whereby the molecular weight of the 
•liquid can be calculated. ^ * 

By this method Walden found, for instance, that SiiCl^, Brj, CCl^, 
PClj, SO.^Cl.^, and €So were tlie formuhe actually representing these 
substances in the liqi^cf state. Furthermore, the anomalous resuLs found ' 
with certain compofinds when Ramsay and Shields’ process is adopt^^i are 
not found witli this method. * • 

A slight modification of this process has been apiilieddiy Walden many 
inorganic* substances, particularly salts. Substances at their boiliug-jioints 
arc at approximately comparable temperatures, for, very roughly, the boiling- 
point^Dfporature is two-thirds of the critical value, both measured on the ■ 
absolute wale. If the melting-points of substances could •be similarly 
regarded as couiparablo tomperalnrcs, then the expressions Ij/o^ and ML/T 
y’qjilchalso b^ constant at* the meUing-poiii^. Therefore, in turn, the expres- 


* Morgan and Steven.son, J. Jm^.-Cheni. Soc., 1908, 30 , 360 ; Morgan and Riggins, 

1908, 30 , 1065 ; Morgiyi, ibia!, 1911, 33 , 349*!aiid 643 ; Morgan atid Thorassen,. 
ibid., 1911, 33 , 667 ; and numerous other subsequent papers in the same journal. *See alsg 
Lohnstein, Aiin. Physik, 19il6f [iv.], 20 , 237, 606; ZeitacTi^ physil-nl. 1908, 64 , 

686 ; ^1913, 84 , 410 ; Harkins and Humphrey, J. Amcr. Ohem. Soe., 1916, 38 , 228, 238,■ 
242 ;'Harkins and Rrowii, ibid., ]). 246, Reference should also he made to the work of 
Jaeger and his co-worlfers {Proe. Akud. Wetensch. AmsteTdani, 1914, 17 , 329, and 
subsequent papcM), in which the pres-surifVRhii^an ipimersed gas bulfblo on the*pointbf 
bursting is utilise to measure the surface tension of the liquids. _ . 

* For the derivation this law see Young, Stoichiometry (Longmans, 1908), n. 166. 

* Walden, Zeitsch. yhysikal. Chem., 1909, 65 , 129, 2 W, 647 ; Kistiakowsky, ZeU^, 
EUktroehm.^190Q, 12 , 518; Dutoit and Mojoiu, J. Chim. pkys., 1909, 7 , 169. 
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, 'fiion M«(constant) X T/a^ would be ’applicable at the melting-point (T), 
although the constant would have a different valu^^from the preooUing. 

Walden tested this expression for measurements made at the melting- 
point and found, for a I'a.-ge number of xion-associated liquids, that Ma^/T is 
actually a constant and equal to 3*65. Hence the molecular weight of a 
.liquid at its freezing-point is obtainable from the equation M=-3’65T/rt2. 
The results f^ll indicate that fused salts have very complex molecules, tho 
degree of complexity of sodium cyorifle being 10; sodium bromide 8; sodium 
iodide 6‘2. In all the cases investigated, the chloride is most and the iodide 
jeast associated. 

^ Of other methods which have been proposed, special ^fefcrence may be 
made to that of Giiyo.^ This investigator points out tnai the presence, even 
to a small extent, of associated vapour molecules, is an indication of extensive 
association in the liquid state. In both states there is an equilibrium, 
depending on the temperature, between the various forms of tho substance 
present. From the known concentrations of these in the vapour (see 
p. HI), and the known volume of vapour produced from unit, volume of 
liquid, Guyc calculates the degree of association in tho liquid state. At 
present the method has only been applied to water, and the results indicate 
that in the liquid state water consists of a mixture of (HjO)^? (Id2^)2> 
HgO, called i‘espectivcly trihydrol, dihydrol, and liydrol. These results are 
in general agreement with tho views of llousfield and Lowry,^ and partly also 
with those of Sutherh nd * and of Armstrong.'* 

* Guye, Trans. Faraday Soc.^ ]910, 6 , 78. 

* Bousficld and Lowry, Trans. Faraday Soc., 1910, 6 , 16. 

* Sutherland, Pkil, Mag., 1900, [v'.l, 50 , 460 ; Trims. Faraday Soe., 1910, 6 , 105. 

* 11. E. Armstrong, Froc. Hoy. Soc., 190S, A, 81 , 80. 
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CHEMICAL CHANGE. 


Types of Chemical Change. —A general idea of the nature of chcnacai 
change and its distinction from physical change has been given in l/hapter I. 
The hirther consideration of clieinical change will form the subject of the 
present chapter. * 

The following types of chemical change may be recognised:— 

1. Comhina\ion —Two or more substances unite to form |>ne new 8\ib- 
stance. Examples are (a) the union of mercury and oxygen to form mercuric 
oxide; {b) the uijion of hydrogen and chlorine to form hydrogen chloride; 
(c) the union of phosphorus trichloride and chlorine to form phosplyirua 
pentachloride; (rf) the union of sulphur trioxide and water to form sulphuric 
acid, etc.:— 

(«)2Hg-f-0, =2UgO 
.*(6) +Olj =i2ft0l 
(o) PCla + CI^ VCI5 
(rf) HO3 +11.(1 


The acTdition of oxygon to a substance is*terraev. , UlltJ UIJUlVlUll 

of hydrogen, reihivtion} * Thus {a) and {b) represent^he oxidation of mercury 
and the reduction^ chlorine respectively. A substance is said to be 
synthesised from its elements«when it is formed by tko direct union‘of jts 
constit\ient efcmonts, and accordingly (<i) and* (b) dei\otc 4ho syu^iesis of 
mercuric oxide and hydrogen chloride respectively.- 

2. Deeoniposition of a substance into two or more sin^)ler subslmnces. 
Example^ are {a) the decomposition of calcium carbonate into carbon 
dioxi(fe and (jalcium oxide; (h) of phosphorus pentachloride iiRo phosphorus 
trichloride'and chlorine; (c) of ammonium nitrate into^iitrous oxide and water, 
etc , all of wiiicTi are effeated by the application of heat:— 


» CaCt), 

{b) PCI 


= CaO + C/O.j 


NH,N(),,'-Ni,0+^H.O. 


* Oxidation also comprises sularaotion of liydrogi'ii. tlie increasing of electro-negative 

atoms or radicles in a i^olecule, and the diminution of electro-posiUvo atoms or radicles in a 
molecule; reduction also comprises H|ibtr;a:t.i(jn of oxygen, the increasi^^ of electr^-posit^e 
atoms or radicle^in a molecule and the dnnitiuti^n ot'*electr<^iicgativo atoms or radicles in 
-a molecule. • * 

* The building up of*a substance from its elements, even when it is necessary^ perform 
the process in a number of stages, is also ternted its sijnthesii. 



5. 'Disnoevation. —It will be noticed that one of the reactions described above 

as ft comoination is also described as a decompositi,on. This apparent contra¬ 
diction arises from the fact that according to the conditions of the experiment, 
the feaction can bo mide to proceed in either direction. It is accordingly 
ft reversible reaction. Re^vernhle decomposition is known as diaociation. 
The fact that a reaction is reversible is indicated by replacing the sign of 
equality in tliV3 chemical equation by ^ so that the preceding dissociation 
is written:— ' 

PC]^:^rCl3 + Cl,. . 

Reversible reactions in general will be discussed later. 

4. DispUicement of one element in a compound b/ t*ho action of another 
element. Examples are [a) the displacement of hydrogen in hydrogen 
chloride by zinc; {b) of iodine in hydrogen iodide byjshlorinc; (c) of iron in 
foKric oxide by hydrogen ; (d) of silver in silver sulphate by copper, etc.:— 

(n)'Au -i-2HCI = ZnC]., -f-Hg 
(6)2HI +CI2 =2HC1 +1^ 

WEcgOg +3H2 =2Fe -f-ailgO 
(d) AggSO^ -I- Cu = ('uSO^ -H 2Ag. - 

Such a displacement as (c) is a reduction^ viz. the ^eduction of iron oxide 
to iron by removal of oxygen. Similarly, the removal of hydrogen from 
hydrogen iodide in (b) is an oxidation of hydrogen iodide to iodine. 

6. Double decomposition or metathesis. —Tiiis type is of very frequent 
occurrence, and may be represented generally as follows:— 

AB + CD-AC + BD. 

Examples are {a) the interaction of hydrogen chloride and silver nitrate; 
*(^) of barium i,'itratQ and sodiuM sulphate; (c) of sodium chloride and 
sulphuric acid, etc.:— 

{a) IICl + AgNO, = AgCl + H NO3 
(h) Ba(iV().,)2+ Na..SO^ = 2NaN03+'BvS04 
(c)NaOl' +H2SO4 =NaHSO, + HCl‘ , 

Double decomposition in which water is one of tlie starting materials, is 
called hydrolysis, or hydrolytic decomposition; e.y. tlic decomposition of 
phospiiOrus tribi;oniide by water;— 

?Br3 4-3H.,0 = H 3 P 03 + 3HBr'. ' . 

6. Substitution. —This somewhat resembles disjdacement, but the dis¬ 
placed element combines with the displacing element. For example, the first 
action of chlorine on methane is represented* thus— , 

' ■ . * CH4 + Cl2 = CH3Cl-tHCl. 

Substitution is of frequent occurrence in organic chemistry. 

The preceding ;ire the simpler types of chemicU*change. The classihca- 
tiori here employed is independent of chemical theory. Frequently, however, 
the classification of chemical reactions is bpsed upon*the molecular and 


* Tliis ^ymVol, b^f^posed by II. Marsliall, is more commodious than 1^, which is 
frequently employed. ♦ ' 
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atomic theories, when the results difTer somewhat from the preceding. For 
instance, the syntliosis of hydrogen chloride is thou looked upon as a double 
decomposition— 

HK + CK!Uir(^l-t-H(:i. 

Further, the term “dissociation'' is restricted to mean the reversible de¬ 
composition of one iiKilccule into sijveral others. This rcstricl.on, however, 
is not adl.^red to in practice, the deconjp(^ition of calridm carbonate being 
almost invariably callc<l a dissociation, altliougli the molecular weight of 
calcium carbonate is unknown. * 

In tlio present state of knowledge concerning molecular weights, it is 
impossible to carry.ouj»a classillcatioii based upon imdecular considerations 
without having to a!,sumo the molecular formula' of a largo number of 
substances. 

There is another type of <‘hango which ditlers marki^dly from tfio prcccfl- 
iug, viz. that in which one substance is (juantitalively traiisfurmed into 
another, without eitlier the addition or the subtraction of any material 
substance. Tlin.s the change is not a.ssociated Mith any change in composi¬ 
tion. Examples are tlic conversion of yellow into red phosphorus, of oxygen 
into ozone (see allotropy, p. 01), the transformation of ammonium (yanato 
into urea, etc.'* Such changes are called inlt'iim! and are 

attributed to reairangcmeiits of the atoms in the molocnles. it is when 
such reactions af^ these am eonsidenal that the sejiaration of eheinioal 
from physiiail <-hanges bec^omes ditlicult, for lliere is a close jcscmlilifnco 
between the cliangos (juoted above and the changes of the nature of fusion, 
evaporation, transition from one crystalline form to another, cte. (see (diap. 
II.), which are usually classed as pliysical chaimes. 


Theumociikmistuv. 

• o 

Introductory.--It has been already (*tated (p. b) th^t •a elHimical 
change is accompanied liy an cv(»lution or absorption of heat, this bi'ing the 
usual mariner in which the ditleronce between tlie«iuterual energy of the 
system in its initial, -nid (inal stales is reiidored evident. Since, however, 
many [ihysical changes—fusion,, vaporisation, etc.—are attended by thermal 
changes, this phenomenon alone doi'S not (listiugliish between* cliemi-'jd and 
physical change. The study of tlie I hernial ellects associated with chemical 
changes is termed f/fert/iochniiistn/.- • ** 

Thermycheiiiicid change is readily understood in the light of tlie law of 
consorvatioi^ of energy (p 5). Each substance under givep conditions 
posse.sses a detiiute amount of iiitornal energy, usually termed its inirinsk 
enerjy.. The ^mn of the bilrmsic energies of tlij^ various substances which 
iindeigo change is, in general, *liirerent 1‘rum the sum of the iritrinaic 
energies of the substance.s produced. The dill'erenco, expressed in heat u»ita, 

^ such as the f«,l]uwuig - 




2NO... 
-21 


arc also oliangea in wliiclvthere is no altfiation m composition. 

- For further information the riAder isypforred to the following ^works: THbmsenik • 
T’AcrHio c/uaaus/ry, •translated by Hnrke (Longnguns k Co., #1908); Muir and Wilson, 
Ehmeiits »/ 7'hermal Chemistry (Macmillan k Co., 1S85) ; Ostwald, L^hrbiirh der alltje- 
meinen Chcmic (Leipzig, 2bd edition, 1898), v^l. a,, pt 1, and tlio wdrksof Th(*isen and 
Berthelot refeired to later. * 
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is called^tlie heat tone of the reaction ; when it represents heat liberated, the 
reaction is said to be exothermic, wliilst when lieat is absorbed, the reaction 
is described as endotheritnc. The majority of reactions are exothermic. The 
heat tone of a reactioji is usually accounted for as the thermal change 
observed, but in certain '«:ircumstancos it may appear partly as electrical 
energy, sounds etc., wliilst there is frecpumtly external work done on or by 
the system. It is oj’Jy possible to determine the difnrnre between the intrinsic 
energies of two systems, one of wlfieh may be (;onverte<l into tlie otlier, and 
tliermoehemic.il measurements atlji^ml the easiest means of aciiuiring such 
data. The reactions chosen for these measun'incnts are tlioso, like solution, 
dilution, niHitr.alis.ation, etc., which can lie (juickly cflcdicd at ordinary 
temperatures and iu which the only energy changes 40 ho considered are 
those due to thermal change am] external work. In such reactions the 
ol^ijicrved lioat of reaction practically coincides with the heat tone when 
solids and liipiids only arc conei'rned, the external work being negligible. 
When gases are produced or used up, a small correction is necessary to obtain 
the heat tone of tlie reaction.* 

Histories!. —The first important generalisation discovered in thermo¬ 
chemistry is due to Lavoisier and Lapl.acc;- namely, that the (piantity of 
heat reijuirod to decompose a compound into its elements ‘s eijual to tiie 
heat evolved'when tlie compound is foniic<l from its^elements. Tlic fatlicr 
of modern tliermochemistry, however, is Hess, wliosc work ajipeared in 
184p.® Hess discovered the fundamental law upon whicli ail thermochcniical 
calculations are based. This law, known as the Lnio of Consfaut Heat 
Summation, may he stated as follows: — 

The heat developed in a chemical change depciuh onhf on the initial and 
final stoyes of the et/Mem, and is independent of the intermediate sttujes throiojk 
which the pa'^send 

For example, the total heat do elojied wlien a ijuantity of ammonia gas 
is allowed to react with its e(p[ivalcnt of hydrogen chloride and the product 
dissolved in a large (juantity of water is equal to that develojied when the 
same ipiantities of these, subslaures .'to separately dissolved in excess of water 
and the two solutions mixed. Hess arrived at the law l>y e.xperiment some 
year8< before the law‘of the conservation of epergy was reimgriised. Subse- 
(picntly .1. Thosnsen pointed'uut tliat Hess's Law could be dedaced from the 
law of conservation of energy. 

.Nkyst tliennochemical mca.snrements have heeii carried out by two 
chemists and their pupils. The experimental work of .1. Thomsen com¬ 
menced in 18.o3, that of M. Berthelot in 187.1. Throughout their lives, these 
two investigators were constantly occu])ied with thcrmoehcmical [irobloms, 
and they accumulated a vast amount of data of considerable acyuracy.^ The 


' (Tinsanioiujts to 0'58 Cal. per giani molecule of i^.is at IS'’ [vide j). 28). To 

obtHin fne lielit Unio,.it- i.sudfhd tu t^n lieat incu.sitrcfh’aliH'iiuetncully tm f'acli grain molecnle 
of gas pi jduced ('•incfi its equivalent lias bocti expciidcil in o’ork (Idiio /»//the system), and 
SubtracteiJ for each giam-molecule of gas that disippcais (sipcc its equivalent in heat is de¬ 
veloped fm/n wuilv done on lie sy.stent). In tin- exaniple.s giv4ti the values denote heat tones. 

* Lavoisier, (Kiirvcfi, vul. ii. p. 287. 

* Hess, roijij. Anmlen, 1840, 50, y85 ; Ostwiild’s Klx-stukcr, Nq 9. 

t * It'i.s, ofcoui^Oi uiideixstood that the prodactpoi oV ch-ctrical energy, .sound, etc., is not 
supposed to occur. , % t i. 

* Published in the following wmks: Thomsen, Thmimhemoiehe UniersiiehHnyen‘fM\m^, 

1882-6), 4- vuls.; Be’rthelot, E!i$al de mevhc.ivqne chimvptr. mr la thcrmochitMe 

(Paris, 1879), and Thermochimie donn^cs ct /of* niuneriqae$ (Paris, 1897), 2 vols. 
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pionceriii" work of Favre and Silbeniiann,^ and tlic later work of Stohmann^ 
should also be mentioned. . The revision of a larjjc amount of thcnitocheniical 
data has been commenced T. \W Richards, and a uimiber of results have 
been already published.^ ♦ 

Thermochemical Methods, Notation, etc.— The practice of thermo¬ 
chemistry belongs to the hrancli of physics Knoun as calorine-l rv and cannot 
bo doscri^'cd hovo.'^ Such reactions as solution, ni'utrallsi^ion, etc., arc carried 
out in an ordinary open calorimeter, hut the iioats of combustion of sub¬ 
stances are measured hy^means of a ^alorinictric hoinh, a closed steel, 
vessel lined with platinum or enamel, in whicli the substance is Imnicd in 
oxygen under f^^vera^ atmospheres pressure. Tlie substance is placed in* 
contact with a wirc*jieatcd electrically to start (he reaction, and tlio heat 
liberated is determined by submerging the bomb in a known mass of water 
and observing the rise in temperature. 

Tiiere arc three units of heat in coimiion Use in terms of which iho 
results are usually stated, namely, the gram calorio at 18‘, written oiL, the 
kilogram-calorie, which equals one thousand gram-calorics and is written (!iiL, 
and the heat reipiired to raise the temperature of one gram,of water from 
0“ to 100’ is adopted as the unit. The latter is practically one linndred 
gram-calories, and is written K.*' 

The simplest method of expressing the hmt of renefion corriAponding lo a 
rhange is to write down the change in the customary way us an equation, 
and atlix the nKi^nitude of the thermal ell’cct at the end, a positive sign in¬ 
dicating heat evolution, a negative one heat absorption. The i|uantity of lieat 
stated is that corresponding to the reaction between ilu^ number <tf formula 
weights expressed in the equation, the unit of mass being the giam. For 
example, the equation • 

[Zn]-(-(OU)-[ZnOhl-f07-‘2 Cals. 

'indicates that when 0r)-:i7 grams of zinc unite with 7(.^b'J grams of chlorine, 
07'2 Cals, of heat are evolved. * • * 

When a substance is dis.solved in a largt' excess of water, the further 
addition of water has no thermal eflect. 'I’o indicati^ that a siiiislance is 
dissolved in such aii excess of water, (he ahl)reviation .\q is appcndcd.to its 
formula. For examjile, the c<juatiou • • 

[ZnCl,-,] -t- Aq. = ZntT.Aq. + 15'(> (,'als. 

means that the solution of l.’l(riJl) grams of zinc chloride m a large excess 
of W'afbr is attended with the evolution of 15 (i (jals., whilst the e«juation 

, IlCl.Aq. 4-NaOH.A*!-Na('l.A(i.-H Cals, 

• • 

denotes that when 30-47 graiys of hydrogeif cliloride in dilute aqueous 
solution arc mixed with 40*01 grms. of sodium hydroxide iu dilute at^ieous 

-' • " '' • . • ■ ■ — 

^ l'’dvre and Silheiinanu, inn. ! hya.y ISfili, [iii.l, 34 , ■i!>7 ; ls.'j2, fiiA.], 36 , 1 ; 

1853, |m.], 37, 406. • • 

^Stohmann, J. pnikl. Cfe’U, 18S0, 39 , .^'04. * • •’ 

* Hichaido, J. Anier. Chem Soc.y I 6011 , 31 , 1*275 ; Richards and Jes.st‘, ihidf, 1910, 32 , 

268; 1914, 36 , 248; Jtnlurds anti ibid., 1910 , 32 , 431, Rnliiods, Rmve, and 

Rurgrss, ibid., 1910, 32 , lUo ; Richtnls amiRnwe, '/.clinch, physika!. , ■i 913 # 84 , 5J6. 

* For details »'e the woi-ks aln-ady quuti'd, (i 4 id ,s(»ndard yorks on lieat 

” Tlie dflinitioii of tlie unit of iioat i.s discu.ssod on p. 86 ; tlic precise temperature at 
wliich the caloric is dofiffed does not really nuttier as far as most tlicrMocliciuica 1 *ie.sults art 
concerned, since they are not yet known with great pieci&ioti. 
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soiutioij, the production of h solution of sodium chloride is iUtended frith' 
thecvoKition of ]3'7 Cals. If nocessarj, the precise amount of nvater used 
may be indicated, as in the following example :— 

[Zn] + 2HCl.iJ00H_.O = ZnCi;400H^() + (H^) + 36*6 Cals. 

It is usual to denote the state of agj^regation of each suhstanco, for which 
purpose, as indicated in the preceding oxaniplcs, tlie formuhe of solids are 
enclosed in square brackets (or printed in heavy type) and those of gases in 
0 round l)rackets, liquids an<l solutious having no bnickots. This should ahvays 
be done wlicn ambiguity might otlierwist* arise, 

' Unless tlic contrary is stntod, the dirt'erunces in intrinsic energies expressed 
in those equations liold good for the substances concerned at 18“. TJiis is so 
with the examples already given. The heat of reaction varic.s with the tom- 
p(jrature, for the intrinsic energies of the initial and final systems arc increased 
i)y rise of temperature, but not, in general, at the same rate. Jf the heat of 
reaction at C. is ecpial to < 7 , and the mean thermal capacities of the initial 
and tinal systems between and arc and respectively, then Uie lioat 
of reaction at i^^ obviously equal to 7 + (.'?i - ~ ^i)* Should any change 

of state occur between /, and t.,, the latent lieat of change of state must 
clearly he taken into consideration. ^ 

The diffcl'ence, expressed in heat units, between tlio internal energy of 
the formula-weight in grams of u conqiound and the sum of tlic internal 
energies of its constituent elements in the free slate is called the heat of 
fonnation of the compound. The heat of formation of tiie compound 
... is therefore the thermal cfl'cct q of the reaction 


•I'A + yll-f + . . . — ... +7 t ills, j 

for example, 

[(J] + 2[Sl-CS,-iy-G(Jals. 

In general, rucli eijiialious do not represent reactions whioli can be directly 
effected, and tlieir tliorma! valuo.s are obtained indirectly by means of iloss’s 
Law. A compound is eaid to be exotkennic or eudothcrmic according as 7 
denotes lieat evolution or lioat absorption. Thus, carbon disulphide is 
eodothermic, its lioat of formation being -19 (5 (.'als. 

The iiotatidn already explained is due to Ostwald. Thomsen’s method 
is shorter, but the states of aggregation are not indicated by it. The 
formiBie of the reacting substances are written down side by side and 
separated by commas; the whole is cnclose<l in a square bracket and the 
products of the reaction are not indicated .1 Tlio preceding examples 
become:— 


[Zn, Ul-' 
[ilCl.Aq., NaOH.Aq.' 
. |A;,]v' c=..; 

'■ <• 


= <»7 2 Ciils.; 
= l:i-7 0iils ; 


A(| 

[Xii, 21l(Jl 200H„() 

[c;s--; 


='ir)-() Crvls.; 
= 3(r6 (Jals.; 
= - I!)- 6 Cals, 


Heats of Formation. —It has boon alresdy slated that heats ot 
Yormatiori are usually obtained indirectly. Two s'rnjde examples must here 
suffice to illustrate the method ; the principle is the same even in the most 
complex calculations. 

. It fe not possible to determine dirretJ-y the heat of formation of carbon 


^ For auother system of noUtioii, see Pollok, Saventh Internal. Congress Chem,, ' 
' 10OU, Section X., p. 63, 
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monoxide, but tho desired result is reudily doilnced from tlio following 
experimontnl data;— , 

|C] + (0.,)-(('0,) + l)(l-f)(l ('n|y . . . (i.) 

(CO)+ (()) ==((X):) +07-67 Cak* . . . . (ir.) 

If tlie required beat of formation of the monoxide be .r, ihen by Hess’s 
Law (p. lO'i), 

.(■ I-C7'(i7 -yftlK) 

;i; = i6-2!)Cals. 

• • I 

In fact, tlio tliijrnial equations may bo .^objected to the usual algebraio 
processes, and the.di»ircd result follows immediately by subtracting (ii.) 
from (i.)“* 

[c]f(())* (CO) = 28-29 Cals, 
or [C] e(0) = (CO)+ 28-29 Cals. 

'riie heat of formation of carbon disulphide, impossible to mea.Ti.iu 
directly, follows easily from the following experimental data: — 

CS., + 3(0.,)= (CO„) + 2(Sll.,) + 25S-7.3 Cals. . (i.) 

[Ci+ (0.',')= (CO.)) '+ 96-96 Cals. . (ii.) 

*2[S] + 2(Oj = 2(SO,;) +142-16 Cals. . (hi.) 

Addini," (ii.) and fiii.) and siibtractiifg (i.) from llio res\ilt, 

[(:) + 2[S]-CK.,- - in-Gl Cals. 
i.e. ^ Cals. 

The precotlin,'’' examidos sarvo to illustr.iU* anotlior point. AVlion an 
oleiiK'iit occurs in allotropi'»forms, or a compoirtid in more than one cry^tallinc 
form, it is necessary to stale which form is usc<l, since the various funiis ditl'or 
in their intrinsic energies. Tiie magnitudes of tho^o diUj-rcnces are not 
dithcult to calculate; for instance—• ,, 

[C] + (CC)=z((:(\) + 06-D(i Cals. 

[C] + (a.) = (CO,,) + 93-.6C Cals. . 

Rrapliitc ' 

subtracting [C] - [01 - -S fi Cals. 

aiicrpliuiis giupliiW 

'J’lic pj^GW-ling data refer to amorphous carbon and rhombic suipnur. 

'I'he boats of formation of a large number of compounds h:ivc been 
calculated.^ They are of great use, sinco tiicy euabie^ieats of reaction to be 
calculated. The simple rule is this: re])lac(‘ e.^ch formula in the chemical 
e([uation by the heat of format icii of tho compound with the sign changed. 
For instf nee, take the reaction 

;tl'l),‘‘' + 'JA*- .\CS,H-.'lin>'f Cals. 

The*lieats of formation of l^ad sulphide and akiininium sulphide are 18*3 Cals, 
and 122’4 Cals, respectively; of aluminum and lead, zero. Hence 

-3xIB»3h 0:. -122-4 + 0 
a: = 6?-n (Ills. ' 

*” • 

* Tables of data are to be found in Ostwald, opus <n(., TRomseiuBurke, opus cit., etc. 
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If, insteafl of usiiis; tho rule, tlie caloulation is made in full, it is as follows:— 
•4All + :i[Sl -[Al„S.,| + l2i-.Uials. 

"I'-'ll + ^ - + 51'!* '’“IS' 

Subtracting 2[A1 J - .Xl’b] =■ [Al.^Sj] - ,1[l'l)Sl + 67-,5 Cals. 

ie. . .S[I’bS] + ^[Al] = [Al^S,] + 3[ I’b] + fi7-!3 Cals. 

Heats of Solution. —Whcnli gram-molecule of a solute A is dissolved 
tin a gram-molcuules of water to fot;ni a saturated solution, the heat tone (/„ of 
tho reaction 

' [A, olI^Ol^Y,, ^ 

is called tho integral hent of mlutlon of A. If niore'solvent than this he 
employed, say .i ll A), the heat tone y, will he different, but as x is further and 
further increased, the value of approaches a limit, since the further dilution 
of an already ililule solution has very little thermal ellect. This limiting 
value, the heat of dilute solution 

[A,r.lhAJ] = y„ 

is what is usually understood liy the torui hent of solution. , 

Wluui tlift- solulidii A.fl!/) is diluted with an iudefinilely lar^a' amount 
of water, tlu' Iw'at tone of the reaelion 

[Arcll.,(), ~q^ 

is called the of tlUutlonoi the solution A.fHAK 'There is another heat 
of flilulion, however, of iiu])ortanee in the thcrinodynauucal calculations, namely 
ihjjilx, the heat chan^m wlien one gram-molecule,.of water is mixed with an 
indefinitely large ((uantity of the solution Krom what iuis been 

already stated,^the yahie of this heat of dilution approaches zero as x 
increases. ^ 

It is sometimes more convenient to express the heat changes when a 
variable amount of the fjplute dissolves in one graiu-^nolecule of water, thus 

„ ’ ' 
where y varies'from, 0 to the value corresponding to a sut\i/i‘ated solution. 
When tins method of expressing results is employed, the thermodynamically 
impofauit l»eat of sdlulion is that given by dfjdy — 

^'^' = [HAJyA,(/yA]-:-d,v, 

and the value of this when,saturation is reached is denoted by" and 

called the liuufiny Iwd of solution. It''expresses tlie heat change that 
atter.ds the introduction of a gram-molecule of solute into an indefinitely 
large amount of eolation wherr a saturated solution is thereby formed.^ 

* Some Thermochemical Results.— Very Vew important theoretical 
conclusions have been deduced^'^rom thermochcMnfsh'y, despite the cnornious 
amount of experimental data that has been accumulated. One or two 
important results may be noticed. 

* As* early as' 1840 Hess (p. observed that when .dilute afjueous 


^ ^or tabli-it uf heats oK&ulutioQ, tlie woiks already cited must bo comulted. 
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solutions of ^altH are ini’ced, there is practieally no tliormal cliauf^o, provided 
that no ] recipitation or gaseous evolution oeeiirs This is eallech tlic Law 
of Thermo-iiculralitv of •sail solutions. Fur a mimher of salts, e.(j. tbo 
halogen salts of cadmium and UKU tairy, a d< ‘v a hold. A simple ax- 
planation of the law is given later (p. 

Tlie heats of solution of acids and hasi's in dilute a(pioo;is solution aro of 
great interest. The following table contains a iiumher of »xperimontal 
results:— * • 


Reactio^. 

* }!ratof 
XcutialiHanoii 

• 

IvcanLiDii. 

ITcat of • 

. NfiitraU'^ivtion. 

■s 

lICl + NaOH . 

13 7 

HOl + LiOU . 

13 7 < Ills. 

HRr-l-NaOII . 

b^7 

HCl + KOU . 

. . 13 7 „ 

HNOa 1 NaOtl. 

13-7 ,, 

IT(M-1-A1U(0II), . 

. ! 13 8,^ 

IHO. + NaOH . 

13-8 „ 

IK'I f',ra(Oll). 

. i i:i-9 ,, 


The sub'itances mentioned in this table lielong to wba^ are railed the 
strong acids and bases (see (liap. VI.), and from tlie results given, it is clear 
that, in dibit#solution, the muitralisation of one grani-eijuualent of a strong 
acid by a strong base always produces tlie same theriiial*cliaiige. This 
regularity no longer holds wlien either the acids or tbo bases are weak, as the 
accompanying ii|:iires si'rve to show :— 


• 

RractaiJi, 

Htiiit of 
N'Uil tuli'icitmn. 

Rt’ivi-lioii. 

Tleat ut' 
Ntiil lalisiitiou. 

lici t Nil, OH 

» 

12-J Cals. 

UI,CO, i NH,OH . . 

S 1 Ci.ls. - 

IfCliNIk.OH 

,, 

'I,st 'lljiuilk . . . 

7'H ,, 

H!<’fKOH . 

lti-3 ,, 

.i,,s i Nii,oir . 

6-2 M 

Ul./;0;, . Naon 

lOi ,, 

HCS + N«OH . . ' 

2 -ft ,, 

1 — - - -.„ 


— . . .. - ... 

- 


(kmsiderable d’ffcrcnccs aro luu'e notir-ed between the varioii.s values. The 
theoretical hearing of these results is given iu (Niap. Vl. * 

Thermoctiemical measurements ha\e beiSiVised in. studying tig- basicity 
of acids and also their relative strengths. These applications also arc 
mentioned in the same cha[itcr. 

CnEMKj.^i; Akfivity. 

The property of botlies in eonsc<jucncc of^whicii they undergo chemical 
change when brought into cout.fct with one auotlier is called chemical affi,nity. 
Since the operation of chemical alVmity is attended with tlio produotion of 
energy, chemical aHinity may ?je ri'gardcd ai^a force. ffiUle is known of the 
nature of chemical atliuitv, and at present it is not ])ossil)le to give ah accoiyit 
of*cliemical change \\S lerms of the operation »f definite physical forces. 
Tlmro are, however, good reasons for supposing that the chemical forces 
which hold togetltor the uton^ in a molecule havo only a very short range of 
effective acti^m, tludr intensity dihuyisldyg ve^’ rapidfy as the distance 
between the atoms increases. • • 

Although the nature of clieinical afliiiity is still dbscure, considerable 
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pi'Ogi'ess lias been made in tlio study of its mode of opcratii'm. The laws 
which d/iscribe the influence of tcnnieratiiro, pressure, concentsition, etc., 
upon chemical change arc fairly well understood,^and are dealt with later in 
the present chapter. , 

Tlic views on allinity lield during the eightccutli century may be 
indicated by reference to" the tabhes of allinity, constrneted originally by 
tleoffroy (17,1 m) and e.vteuded considerably by liergmaiin.' For each 
substance a table ohalhnity was cipistrncted, in wliich other substaheea were 
arranged in order of dccre.asing affinity for the particular substance in 
'.question. The interpretation of clranical change adopted in the construction 
of those tables was tliis: if a substance A reacts upon a substance BO with 
‘ the result that AB and C are produced, then the affinity of B for A is greater 
than the affinity of B for C, 

Bergmann gave two tables of affinity fo»each substance, one “in the dry 
way” and the other “in the wet way,” sineo ho recognised that the results 
obtained in these two ways were .soincliines dill'erent; and Stahl (1720) 
recognised cases in which the relative order of affinities was altered by 
temperature. Apart from this, however, it was snjiposed that the cheinica'l 
affinity of a change depends simply upon the nature of the substances con¬ 
cerned, and that a e.linnge proceeds to completion in tlie direction of the 
stronger affini^ty, ejj. in the ease already inentionod, the strong'er attinity of B 
for A overcomes the weaker aftiiiitj' of 1! for C. ' 

The insnffieieney of this vimjj&is recognised by Bertliollel,^ who sliowed 
that.many chemical changes wli^i at that time were snjiposed to jiroeeed 
exclusively in one direction could he reversed, c y, that allhongh baryta and 
potassium suljihate react to prixluee barinin snljiliate and jiotash, it is jiossilile 
tomanse the two last-named substances to react with the formation of tlic 
Substances first nieiitionwl, Iklf-tliollijl clearly jxiiiMed out that the direction 
in which a change proceeds dejieiids not only u|)on the nature of the substances 
concerned, but ahio npan their relative “quantities,” and regarded a chemical 
change that proceeds to conipletirn as being an exco|ilional and notui normal 
case. Ho did not succeed, however, in arriving at tlio correct estimate of 
chemical “ quantity,” and'since ho also disjuited tht validity of the law of 
fixed ratio.s {vide Chap. I.), Ins views met witli little‘ sujijiort. Later the 
“ influfuce of mass ” was recognised by Hose,“ Malt gnti,-' Williclmy,* (iladstonc," 
Bcrthclot and P?an do St (titles,^ and others, but it ivas due largely to the 
work of Guldherg and Waage* that this iriflncrico received matlicmatical ex¬ 
pression; in tlieir/'ornuilation of tlic of Mass Aclion. In the snhseijnent 
development of the subject the application of the laws of thennod^,niics 
has proved of the utmost value.® , 


* Kcrginniiti, T>r, /lllraHi(mihus‘JilcHm'a{V\mh, 177.'i); English tittiialalion, 1786, 

® Bei'thollet, Kssai de Statique Chiinu. (I'aiis, 1801-2) ; EngH'sli tfaiislatinii, 1804. 

® Kfise, Po<jg. dnimten, 1842, 55 , 415 ; 1851, 82 , 646 ; 1865, 04 , 481; 1865, O';, 96, 284, 

m.. ■ • «• •’ « , - 

* * Stalafinti, CVnai. P/n/v , 1857, (iii ). 51 , 328. ' 

f “ Wilitciniy, /Vj'/v, Annahs, 1,850, 81 , 413, 499. 

“ Gladstoite, rkd. Trans., 18.66, 143 , 179; Tram. Cliem. -Via-., 1856, 9 , 54. 

7 Berthelot aud Btian de StGilles, Ann. Chim. PAt/s., 1862, (iii.), 65 , 385 ; 66 , 6 ; 1863, 

. 68,225. , - ■ 

■ G Jberg and lV"ange, Tltades snr Ips affinH.^s^himi^ves (Christiania, 1867) ; J. prali. 
ChenL, 1879, (ii.), 19, d.9 ; Ostwcld’s Khmihr, No. 104. " 

7 For aii'acc(mnt of tin- historical development of this jiart of tli^ subject, the reader is 
, referred to tfee'^orks cited on ' 
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The stu<ly*of Ukcruioeheinixtry is associated with what was, in effect, a 
revival of the old view of atliiuty ns proponuded by ller-rmann. hi 1854 
J. ThoiiiSi’ii ^ put forwanl Iftu principle that “every simple or complex eflect 
of a purely chemical nature is accomjKpiied by pnxlu , .on of lieal." f/ater, n 
similar “ law” was enunciated ])y 1‘ertliclot- under the name of tlie “/aic oj 
maj'fiittnn lb may be stated in the form lli.at “every eiieniical cliange 

accomplished without the addition of (‘xternal energy tends to t«e formation 
of that body or system the production «if which is a(fl.;ompanied by the 
dovclopment of the maximum quantity of heat.” This so-enlled law cannot be 
accepted as a law of Nature* but only as aif a})pro\imato rule, for altliough it 
is true that at otidinary temperatures the majority of chemical changes that 
take place are exothe ic, yet at high tem]>eratures end(>tliermie bodies can 
be formed by the direct union of their elements, and further, it is im})0S8ibk 
!»y this law to account for the occurnmee of reversible reactions. 

In fact, the condition''* that a physical or chemical change may take plate 
in an isolated system is not tluit an evolution of lieat shall (X'cur, but that the 
entropi/ of the system shall be thereby increased. When an isothermal 
chaiigo is considered, and not change in an isolated system, the neccssaiw 
condition for cliange to proceed is tliat the thermodynamic potential at 
conslant volume shall be diminished by the process. 'Phis function, which h 
also known as the fire (■■nerijij of the system, is such that, in isotlierma 
change, the change in tlio free energy of the system measures the maximun 
amount of work tUai can be gained by the change (/.c. the w'ork gamed whci 
the reaction proceeds isotbermally in a tlu^rmodynamically reverstbh 
manner). Tiie ebaiig^'. in free energy may therefore be looked upon as t 
measure of the work aceonqilished by the ehcmieal atlinity' opemtive ii 
producing the eli.inget For llie measurement ^»f chemical alHnity m terms o 
free energy, howi'ver, thc»*reader mus^' be referred to works on pliysica 
chemistry.'* 

CUKMIOAU KqUILIBUIUM.^ 

Reversible Reactions. — Wlieu calcium carbonate is hea(e<l to i 
(constant) high tem])erautre it decompo.ses into catcium oxide and carbm 
dioxide, and if tiic ('•p' viment is ellectod in an open vessel the carbon dioxkh 
diffuses away into the an- and .?lier a sulHc-ient length of timcjthc decomposi 
tion is (aanpleto. The (jase is dillerent when the decomposition is carried oni 
in a closed >'essel so tliat the volatile product of the change cannot ^cape 
Under those conditions chemical, cliange proceeds as usual,'but eventually 
it ceas^f^Tnd in general^ the cessation of cbeinieal change sets in while then 

’ . " 

* Thoiufecn, Poi/( 7 . Jvm/cnflS'’>4, 92 , 34. 

3 Ueithtilot, oi-xa. cif^ (p. 162); n-m/.* 1SG7,*64, 413; 1870, 71, 30:1; j4nn 

Chm. /V^ys,, 1869, (iv.), 18, .03. 

3 Dorivftd fioni theritU'flj’iiamic consii.liii'alions, „ • * 

^ Nernst, Tlieoretind Chumist^y, ti.Hiislatcd by^Tizard, 3idT«glisli edition (Mac 
millan k Co., 1911); A {plications of Themioilyiwvxicfi to Cheouslrii (Sciilmer A Sohs, Nev 
York) 1907); also Planck, 7\/moiiyn(nnti's, ti!iiihlatc<l by OggtLoiigiiians & Co.j..l9e3). 

3' For a full account of the subjects iliscuNsed in th^ j cinuinaer of this chapter the readei 
is referred to the following works: Nc^ll^t, Theoretical Chemistry, translated by Tizard, 3r( 
edition, 1911 ; Van’t Ilbtf, Lectures Theoretical and Physical Chemistry, translated bj 
Lehfeldt (Arnold, 1899); Van’t Holf and OoJTbii, ^Studies in Chemical trSnslat^l 

by Ewan (William* k Norgatc, 1896); Mellor, Staih.s and Dynamic (kongmana 

& Co., 1904); and the WQfks cited on p. 177. , , 

* Provided the quantity of carbonate takentloes not fall l^low a certain niininnini. 
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in still present iinchangecl calcium carbonate. The (piaiitides of calcium 
carbonate*, carbon dioxide, and calcinin oxide present in the eysteni then 
remain unehau^cd and iii<lep(‘ndcnt of the tiVnef and a state of e(iuilihmm 
is said to liave been ir.velied. 

This result is explained wlien it is recalled that ealcium oxide and carbon 
dioxide can unite to form calcium carbonate, and accordingly do so as soon as 
they are ])i»)ducod by tlie decoinjiosition of calchnn caibonato. Thus two 
changes go on, one of which ah-first partly, and eventually wliolly, undoes 
the work of the other, and a stale of balance is at length reached. 

Cliemii^al change's like the Jireccding are hailed balanced or reversible 
reactions. Many doeompositions are reversible, as has been already mentioned, 
and reversildo decomposition is known as dissociatidh^(‘p. 160). Ilevcrsible 
changes are freipumtly encountered, however, in otiier typos of chemical 
reactions. For instance, the change 

lhO], + Ib/J^[MOCl + 2nC! 

is reversible. The continued addition of water to bismuth trichloride leads to 
the ]H'eeipit.\tion of more and more bismuth oxychloride until eventually 
the bismuth is practically all jirocipitated. On tlie other hand, tlie addition 
of mure ami more h}droclilorie acid to bismuth oxychloirlo leads to the 
reverse clian*ge, the whole of the oxychloride eventually passing into solution. 
'I’ho reaction 

281 A :i, + 31! .S—-SI ).,S^ + 611 (U ' 

furnishes another example. Tlie passage of hydrogen sulphide into a solution 
of antimony trichloride in dilute hydrochloric acid leads to precipitation of 
antimony trisulphide ; hut tlie last-named substance passes into solution 
when warmed with concentrated hydrocshloric acid',’ aiai hydrogen sulphide is 
evolved. There arc, however, many reactions wlncli apparently arc not 
reversible, e.y. ^the dnion of aluminium and oxygen, the decomposition of 
ammoniun/nXrite into water afid nitiogim, etc. • 

The solution of metals in aiuds was at one tinie regarded as a type of 
irreversible reactions, l*ut IpatielVand AVerchowsky^ ^showed in 1909 that by 
subjecting the aipieous solutions of certain mctallii; to high pressures 
of hydrogi'ii jjas at sliglitly raised temperatures, the metal^ could he ])re- 
cipitated out of solution. Hence the apparent irreversililo nature of such 
reaeU<'ns as 

Zn + IFSO^-ZnSO.-t-lI,, 

under ordinary comlitions is attributable to the fact that one of Hie products, 
namely hydrogen, is removed from the sphere of action. . 

Chemical eipiUihrium, loko physical C(juilil)rium‘, must be looked upon as 
dynamic^ and not arf static C'luilibrium. 'Jlio ctpiilibrimu between liipiid and 
vap.my at .constant temjieraliirc, for instance, is looked upon us being the 
result.of two eliaftges whicli ait* proceeding at eipia) rates—vi/. the evaporation 
« of liquid and the condensation of vapour, the one undoing tlie work of the 
other. In the same wa^', tw'o Reactions are still to"'oc regarded as proceeding 
when a chemical equilibrium is observed and all cliange has apparently ceased, 
only f.he reactions proceed at eqnal^ rates land are inutnally antagonistic. 
£)uriiig the period prty^eding th^ establishment of equilibrium, then, the 


Ipatielfcand Wercliow-sky Ber., 1909, 42, 2078. 
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observjid char?j?c nnwt be iittvibntcd to tlio fact that tlio speed ot the initial 
(forward) change is greater than lliat of the reverse change. As time goes 
on, however, the speed of the forward cliange diminishes, or tiuit of the 
reverse cliauge increases, or Ijotli of these occur, an \ eventually t he forward 
and backward changes proceed at Cdual rates. Phiee iiwreasc and decrease 
of speed on this view are associated with increase and ileereusc of concen¬ 
tration of the starting materials^ respectively, .some coiineetu.ii iiiay natur¬ 
ally bo supposed to exist between the ^ate at which* a chemical change 
is proceeding at any moment and the ooneentration of the reacting 
materials at that moment* This conclmion is borne out by experiment, ati 
will bo seen latei*. 

The idea that ch^iftical equilibrium is dynamic was originally proposed by 
Williamson “ in his classic researches on etheritication, but its acceptance as 
an adetpiate interpretation of the nature of chemical equilibrium in general 
only came after the work of (.'lausius. Maxwell and others had led to 4ho 
development of the Kinetic Theory,.thereby enabled a mental picture to 
be drawn of the nature of chemical change. The application of the Kinetic 
Theory to the interpretation of the nature of chemical change was lir.st made 
by Tfaundlcr^ in I8G7. * 

Homogeijeous Systems; The Law of Chemical Equilibrium.— 

The liomogcneous systems will be dealt with first. ^Suppose that 

7i.„ . . . mohicules of the gaseous substances of molecular formuhe 

A, H, (' . . . respectively react to jiroducc ?/q, v),, w.^. . . molecules of the 
gaseous products of the fonmibe 1’, Q, K , . . 

a, A+ 71^0 + . . aql* + ?a_,Q +v7/,jR + ... 

Then, ut constant tftmporature, the rehition.'^up hetween the c(Hicentralions 
of the various substances coneeriual i.i the tspiilibrium may be expressed in 
the following manner;— a 

where a formula ei^cb.scd in square brackets indicates the concentration of 
the substance of that form^da when equilibrium i.s reached, and K is a 
constant, kiufwii as the consfunl. ‘This e<]jiatimi constitutes the 

lau! of chrmictil e'luilihrivnL li can be deduced tli(‘rmodynamieally for a 
system comprised of perfect gases, and may also be ^irrived %-t from 
consi4,e,iyi^i<)ns based upon the kinetic theory. 

lie meaning of the law may be explained by reference to one or two 
exanqdes. At tenqieratnres above 1<S0', liydrogciw iodide Is observed to 
decompose itito hydrogew and iodine. Since at these tcmperiLtiiros, hydrogen 
an<l iodine, unite to foim liydixig^n lodideAhe cffaiigc is^a reversibh! one— 

_ __ “ • 

a...c starting niaU'iiale^liar tin- revtr.He cliangr are tho fatal jtr'Kliicts ofuth« forwaW 
change, and the sliced of a chcinioal veacliou is nic.i^iued by the rate at whicll the starting 
materials disaj)]>car. 

Wiltianisoii, AnJlahUy 18&1, 7f, 87 ; Almihn- Club No. 16. 

^ PFaundler, Anvctleji, 186/, • 

* Concentrations are usually expressed in^granf-jnolccftles per c.c. orjjer,litre. The 
concentrations are olwiously proportiuiial to the respective p.gtial pressures of the 
sub-stances. 
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■^If, then, liydrogcn iodide is maintained at a constant temperature above 180*, 
at th<! lM)ilmg-point of suljduir in a closed vessel until vsquilibrinm 

is established, the followitig relationship holds good:— 

An intorosting rcMilt at once follows. If a, h, c denote the number of 
gram-inoleoulOs of liydn^gen, iodine and hydrogen iodide in the system at 
equilibrium, and V denotes tim total volume, 

|-iy=<Vv, t;,3j.-vv, [in]^r/v, 
and tin; preceding ccpiation becomes 

ahje^ - K. 

Expressing tlie result in words, the state of e(piilil)rium is independent of the 
volume (and therefore Ihe pressure) of the system. That sticli is the case 
has been shown cx[)enrm'n(ally hy llodensteiu.^ 

At the boiling-point of sulphur, Bodenstcin found that equilibrium was 
reached when'’ 22 per cent, of hydrogen iodide was decom[)os('d; hence 
a \ h : c :: 11:11: 78, and K = 0'01984. Tt is now possible to deduce 
beforehand the state of equilibrium attained when h}’(lrog(‘ir and lodjiie are 
brought together in any ratio at the boiling-point ef siilpliur. If for each 
gram-molecJile of hydrogen taken, d gram-molecules of iodine arc taken, and 
2 e gram-molccules of liydrogcn iodide are produced before equiiihriiun is 
reached, the amounts of hydrogen and iodine left uncombined are (1 - e) and 
(d-e) gram-molecules rcspe(;lively, and 

(I -c)^/-d/(2c)^ = 0 01984. 

Hence, from tiie known value of (/,^the value of “le may be calculated. The 
results calculated in'this niauner agree very well with those obtained 
expcrimeiiUUl}^,as the following uurnbo's serve to show (IkKlcnstcin, he. eit .):—- 


Hydrogen 

taken. 

Iodine. 

Ilydiog 

n Iodide 
< 

d 

Taken. 

Foninf. 

Calculated., 

‘8 10 

a-91 

5‘(!4 

5-66 

7'94 

f-'SO 

9-49 

9-52 

8 07 

9 27 

18 47 

13-34 

8-12 

M-14 

M-98 

14-82 

8-02 ‘ 

27-58 

15 54 

15-40 . 

7'89 

^38*10 

1.V40 

A 

• 15-12 

A 


For 6ac!i experiment cited in the table, the vuinbei’s given under hydrogen, 
iodine, and hydrogen iodide ar^ proportional to th^- initial concentnU-ions of 
’the first t'vo substances and the equiiibrinm coin^^^itration of the third, (its 
initial conccntratimi being zero).'' 

For the dissociation of nitrogen peroxide— 


t BoUensteia, Zeitsch. physikal. Chem., 1897, 22 , 1. 
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the condition of equilibrium at constant temperature ‘n 
.[NOJ7lN,/),] = K, 

If, tlion, a and b denote tlio munljuj; of grain-inoK*u)os of NO, and 
respectively u hen the system is in Gcpiilibrium, ajjd V denotes llie volume, 
the equation becomes 

9 

lleiico, in tbis case, tlie state of e<piihl)iiuni varies wiili Iho veluincO 
Clearly, if Llie vobuuo is inireased, thim o*niust increase and b dinmiisli in, 
order tliat the etpression a^/bY shall remain eonstaiil; lu ulher words, tho 
degree of dissociation <,# nitrogen peroxide is iiiereesed iiy increase of volume. 
The degree of dis.sociatiou may ]»o readily calculated fj-om tho ob>orvod 
density of the system, and tho results obtained are in satisfaidory accordance 
with the requirements of the law of cbemieal (Hpiitibrinm (vi(fe sifjnv, p. 14il). 
The dissociation of jiliosjihorns pentachlorido 

J*C1,-<=^L‘( + 

may bo similarly treated. The condition of eiinilibnum is tlial* 

LI'Gl,lx[Cl,_;i/(l>(!L]=-K. 

Suppose, now, lliat into the system (in equilibrium) an (excess of clilorinc is 
introdn(;ed and the system brought to its original volume 'i’he result is 
easy to foretell. Since [Ob] has been inen^ased, it is clear that the only *vay 
in which the expresfdon on the left-hand side of tlie latter eqnalion can 
maintain its former viuue is for [PCI 3 ] to diminish and [I’Cl^,] to increase.*^ 
Tho general result *vhicli this illustrates may be expressed in words as 
follows; —The deyree of d^i^ocidtlon of q sHh)}(niicc is diminished bi/ increasing 
fhe concentra!iuu of one of the. products of <Iissoe.iation. • 

► Passing from gaseous systems to tl.o coiisideratitm of» etiuilihrinm in 
liquid soluition.s, it may be stated tliat the sa«ic law of chenii^iUequiiibrinm 
holds good for these equilibria as bolds for gaseous equilibria, provided tliat 
tlie osmotic pressure of e.ach of the substances participating in the equilibria 
folhiws the laws ofel^byle and Cay bussac. The thermodynamic jiroof was 
given by Vau’t Ifoll’,^ and the ^’Chtrictions under which the proof holds^good- 
liinit the exact application of tho law of cheniical equililTrium to dilute 
solutions.^ 

As an example, the dissocaatiou of nitrogen peroxi<lc im^y be refirred to 
again.^- This change occurs not only in the gaseous state, but also when the 
peroxide dissolved in a solvent upon which it has no ch(;mical action. 
Fr(un ineasureu'U-'iits of the degree of dissociation of the peroxide in cliloroform 
solutions of Varying coiftaMitrution,^ it has beq|i sliown'' that tho law of 
chemical equilibrium saCsfactority expresses the resnUb. 

Heterogeneous Systems; Extension of Law of ^Cheniical 

Eefuilibrium.—ft is possible t(? extend tlm biw of choifiWal oquilil>fium to 


^ This is the case wlionever tlie change lca<ls to an alteration in tlie total nuuibei' of 
ranleculcs present. 

* Increase ui one (Jt these conc(litr.itioi|s uccesbitatfs a decrease in the other, from 
chemical eoiisidci^tions. . • , * 

^ Van’t HolT, K. Svensha Vct.-dhid. Hanot., 1885, 21 ,^ 8 ; /eitsch. phyftdoU. Chem,, 
1887, 1 , 481 ; /'/uh 1888, [v.], 26 , 81. . * (7/ Chap, VI. 

Cuadall, Trans. Chem. Soc., 1801, 59 , lo76. * Qstwald, ihui., 1802, ffl, 242. 
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the liquid and gaseous jihascs of heterogeneous systems. For example, 
oonsidei’’ the reaction * 

taking place at constant tfinpcruiuru in a closed vessel. Tlie system consists 
of two solid phases and .‘i gaseous phase. Now every solid may be regarded 
as possossing^a vapour pressure (suhlirnaiion pressure, vide p. 46)^ although 
it may be too .smallto admit of ckperimcntal determination, and at constant 
temperature the vapour will be in efpiilibrium with the solid at a definite 
‘pressure, which cannot vary so lon^ as solid ])has‘e is present. Accordingly, 
, in the equilibrium equation for the gaseous phase— 


[(■o()].[CO,l 

lI'uCU,] 


“K, 


C. 

tho e<nieontrations [CaHj imd [ta('<).j], which tepresent eoncentrations of 
saturated vapours at constant temperature, are constant ipiantities. The 
equation therefore reduces to 


[(.^( b] = constant. 

In other woi^ls, to each tomporuturo tiiore corresponds a detiuite partial 
pressure (or concentration) of carbon dio.vide at which 'i-he gas is in equilibrium 
with tho two solid phases. This pressure is practically identical witli tho 
tota*! pressure of the gaseous jihase, and is called the diss^ociation lyrerntre. 

From the preceding discussion it is easy to see that^ the following general 
rule may be stated for arriving at the condition of eipiilibrium in a hetero¬ 
geneous system of solid and gaseous phases at constant -temperature. VVT'ite 
down the loft hand side of the e(|uiliUnum equatiob given on p. 171, omitting 
all factors that refer to substances |jresent as solid jihascs; the e.\prcssion so 
obtained has akconstfint value. For instance, the dissociation of solid 
ammonium hy^jjrosulpliido ‘ 


, NHJiS^Nilj-hlLS 


leads Jo the condition of equilibrium ^ 

constant, 

which hus been shown experimentally to bo tlic eased 

Equilibrium in other heterogeneous system.s can be discussed iii^^anner 
similar to tlie above.- ^ 

Heterogeneous Systems: the Phase Rule —Tiie conditions of 
equilibrium in a heterogeneous system may be expressed in a maiiiier.quite 
independent of the qtomic and ntolecular theories by means of the Phase 
Hule. Tliis rule, wliich applii's to both cliemical and pliysical equilibria, 
was acdacefF’theripolynamically by Willard (^ibbs in 1874,^ but its practical 
applications were first made by Roozeboom. ' 

The equilibrium in a, system^ is described by tV Pba.se Rule in termts of 
the number of phases, components, and degrees of freedom of the system. 


* Isamhert, Compf. rend., 1^81, 92 i* 919 i 1881,93* 731 ; 1882, 94 , ft.'iS* 

^ Seo NeiiAt, Th<'ordieal (Virnnsf.nj, translated by Tizard, {Maciiiillaii k Co., 3rd 
edition, 19V1)> IH., chap. lii. i ' 

• WilUrd Gibbs, Tram. t’o'n}iecticul Acad., 1875-8, 2 and 3* 
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The meaning of the term has already been given (p. 6) and is easy 
to undcrataiid. It is ratlier more diftieult to understand the meifning of 
the term “component,” sRicc by llie components ;» not understood the 
constituents of a system. It may b« said at onccuiiat the cotnjKinenis of 
a system may ho chosen in more tlian one way, but it is only tlieir number 
tliai is of importance. .The number of eomponcufif of a systei i i?' the least 
mimber of constituents, the (juantities of wliich are iiulej)cndent ly variable, 
in terms of which the C()m])osition of eacB phase may be exjmssed.* For 
cxani))le, cmisider a saturaU'd solution of sedium suipliate in (‘ijuilibrinm « 
with vapour and tlie solid fiecaijydrale Na^SO^. IlMlJ). The number of com-'* 
ponciit.s is two. * The anliydrons salt Na .SO, and water may bo ehetj^on, 
since tlio amounts ei these subslauees in the system are iiKlepiaidently 
variable. In terms of these substances the eom})oMtion of each ])liaso 
may bo expressed. The. solid phase is N'a,S(),-f-KHI ,0, the litjiiid phase 
Na^SO,+ ./'l|^(), and the gaseous phase, OXa^S(), 4-) (zero and m'guUvo 
amounts are permissible when cxju'cssing the composition of a phase in 
terms of the componcuts). 

The Phase Rule applii's t*) systems in whieli e<[iiihbnum, is depiaulent 
only upon the variables (i.) temperature, (ii.) pressure, and (ni.) composition 
of the phases. •Tlie least number of these vanaliles which must be arlutrarily 
fixed in order that the conditiou of a system may l)c perfei’rty defined, Is 
called the number of ft^/reen of ftmlouK of tlie system, h'or in.stance, take 
the system watef in contact with its vapour. If tiio temperature is 
arbitrarily chosen to have a certain value, the system is perfectly defined. 
Kijuilihrium is tlien j#<>ssiblc only at a certain jiressure, determined by tlio 
system itself, either evaporation of water or condensation of vajanir oeenrring 
until this pressure, tlfo vapjair jiressurc of water at the particular tempera¬ 
ture cliosen, is reached. Hence the system has oik^ degree^ of freedom. 
Systems with 0, 1, *2 . . . etc., degrees u'i freedom are saidjto be 
'uiiiroriauf filvarluui. . . . ote.- ^ 

Th(‘ /7/a';c Rule stales the condition of e'juihbi'ium in a.^ieterogejicous 
system as follows: ~ 

= C + 

where P = number of phascrt, F = number of^ degrees of. freedom, and 
C = numbor of eompoiieiits of the s^sLem, • 

The application to systems of t»ne comj>aueiit may be briefly o^l;lmed. 
Here each phase has the same chemical coiiipositioii, and fieiice change of 
compciit.on does not enter into the discussion. 'I’wo piia^es in equilibrium 
constitute II uuivariant system, and hence if either the temperature or the 
pressure be arbitrarily maintained at a constant value there will lie a 
corresponding value of tliL' other variable fiy’ tlie^y.stcm to be iu eqiiiUbrium. 
lioth values cannot be aiiitraiil^' chosen: one being c^ioscn arbitraiily by 
the experimenter, the a])j)ro})riale value of the other is chosen by ^^ho i^ystcin, 
so \o speak. Thus, in the syslcm lo/ubl- i‘>ij>uur, eonvfjxmding tp oftch 
temperature chosen there is a definite pj-essure, characterised by thc» 
particular system under investigation, at \v4iich ei^nlilniiim oceuTs. Tins 
is the vapour pressure of the licpiid (see p. 81). For the .system noUd - vapour 
in e(pulihrinni,,ther? is likewisc^a defiyite equilibrium pressure corresj^ndiijg 
to each teinpor»ture, viz, the sublimation pr«ssure,(see p. l6). ^In the case 

* • 

« Trevor, ibid , lOOli, 6, 136. 


* See Trevor, J. rhjsicnU Chem., 1896, i, 22. 
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of the system $oUd - Uqiddy the interpretation is that the temperature of 
equilibr^am, or melting-point of the solid, varies with the pressure\ 8 co p. 43). 
It is further possible feu* systems wild - solid\o oeeur, c.<j. rhombic sulphur- 
monoclinic sulphur, h'Aicli are in equilibrium at the transition-point 
(see p. 69). The system,being univariaiit, the transition-point must vary 
with the pressure, 

AVhen thfoc phases are present in equilibrium, the system is Invariant. 
Accordingly the equilibrium is o'idy observed when the temperature and 
.pressure possess certain fixed values, delined by the system itself. That 
'is to say, the values may be ox[)crflneiitally detenniued, but neither of them 
can bo arbitrarily selected. Such a system is said lo^he at thepoint, 
and the equilibrium temperature and pn'ssure are retVered to as the triple 
point temperature and pressure respectively. The three phases solid-lit/uid- 
^va^)ou7‘ arc in equilibrium at the triple point in tlic case of a svibslanco that 
forms only one solid phase and one liquid phase. On a prossurc-toniporaturo 
diagram the conditions of equilibrium in univariaiit systems arc re])resented 
by curves, as, for example, the sublimation curve and the vapour pressure 
curve. The ti;iplo point in the system solid - Uquid-vapom- is represented by 
the point of intersection of these two curves (see p. 47). 

Other invariant systems are {lossiblc, such as solid phase <1 - solid 2 >hasc 
B - vapou)'^ the substance is polymorphic, and with substances which 

exist in two liquid phases (liquid crystals), invariant systems such as liquid 
phase A - liipiid qdiase H - vapour are possible.^ '' 

The systems of which sodium sulphate and water are the components 
furnish simple examples of t-wo component systems. 'Since a single phase 
in a two-cornponent system has throe degrees of freedom, the composition of 
a solution of sodium sulpliatcjdocs not possess f^defirfito value even when 
both temperature and pressure are ficxcd, but may bo varie<l at will between 
certain limits. AVTicn, however, <an<)thor phase is also present, say Iho 
dccahydrate Na*iS0,j.]uH.,0, the system has only two degrees of freedom, 
and having tix^i the value of the pressure, the state of the Nysicm‘.‘fo///^voa- 
decahydrafe is fixed as soon as either the tenqicr.itqns or the composition of 
the solution i.s specified. When the temperature is g^'cn, there is only one 
comp<jsition of solution for the system to be in e(]uilibriifm, and, conversely, 
if the compositvm of the sobilion be defined, {here is only one temperature 
at which this solutiou can exist in equilibrium with the decahydrato. Such 
a solutkn is said^ to be saturated at the particular temperature and pressure 
in question, and it is therefore seen from this exuuijde that the term 
“saturated solution” only acquires a definite meaning when theTl^rC'.ire of 
the solid phase in cojitact with the solution is specified. i\i' has been 
previously remarked (p. 110 ), at a definite pr(‘ssure_^and tenipciyiturc and in 
the absence of the solid phasi, a solution may’ <a>ntain more sodium sulphate 
that the solution in'equilibrium with the solid ph'ise, the solution being 
termt 3 d.“ 8 uperBatuvjitod.” Yet a solution fupersaturatod with respect „to 
the ^ec?.hvdrate n^ay still be ihisaturated with respect to the heptahydrate 
^^a^S0^.7f^20. ^ . :■ 

When'sodium siilpha^/C decahydrate is heated to 32 4 it decomposes into 
anhydrous salt and water-— ^ , 

' ' ' Nii2s;o,.i()H,o^'Nays(),+ 101120, 


F<.r iHa latter, see^iiulett, Zettsch. phyiikal. C'hem., 1899, 28 , 629. 
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and during tKe cliaiige the teniporatuve remains coiiowuiu. XIIIO lO 
would bo expectofl from the IMinse Jlule. 'I'he system ikvfxhydmU' - anHiydnm^ 
salt - satumted mlution is tujly univariant, and hence at a delinite pressure 
arbitrarily chosen (atmospheric as a^rulo) eqnilibi i^.m occurs only at one 
particular temperature and with the solution at one jiarticuhir cuncentiation. 
This transUion-pointy however, varies with tlte pressure. The system 
di'.cahijdrote ~ anhi/drous salt - mludon-vapitvr is invariant, and (an only exist 
therefore at fixed values ttf temperature ami pressure, defined hy the system 
itself, and not capable of lieiii^ arbitrarily selecte<l. 

The fact that the solubility (Uirve of* sodium sulphate consists of two' 
jiarts, intersecting at a sharp angle, is easy to understand from the }U‘eeeding 
discussion. The twojfhrts of the curve represent conditions of cijuilihrium 
in the two systems decahydraU - solution and anhydrous salt - solution re¬ 
spectively, at atmosplu'i’ic pressure, and intersect at a point which gives the ^ 
oquilihriiim temperature and composition for the system demhydra(9- 
auhydrous salt -• solution at atmosiiherlc jiressun'. 

In the light of the lliasc Hule, tlic dissociation of calcium carbonate is 
easily discussed. The dissociating system is one of two components and 
three phases (two solid, one gaseous), and hence is nnivaiTant. At any 
temp(?raturc aj*bitrarily chosen, therefore, equilibrium obtains at one 
particular pressure only. Tlie result thus deduced agrees witli that 
previously arrived at in’another way (j). 174). 

(Consideration?* of space prevent a more detailed account of applica¬ 
tions of the Phase Pule from being given, uu<l reference must tlnM‘efore 
be made to the t(^xt-hooks' for further information. Owing to the • 
rather abstract nature of tlie suliject, liowever, an example may be 
given to illustrate tko maimer in which tiic^J’liaso Uiilo proves of service 
to the olieniist. •* - 

It was discovered by AVeyP that sodiiiin and ]K>tavSsium dis.*5oIve in litjuid 
.ammonia, forming very remarkable solutions. When ^lilute^they are blue; 
the coucic'.trated solutions exhibit inetalU(> reflection and iip|^e:tr bronze- 
coloured and opaque. Ii' studying thesi; solutions, .loaiinis^ considered that 
he had isolated the Milid lompounds NaNlf 3 KN^flg from tliem. Priefly, 
he observed that, constant Icmperature, tlie pressure in tlie system 
sohitioid-vaj/onr fell ns anin.ouia was withdrawn, until a soliil was pre¬ 
cipitated, This solid apjK'ared hronze-coloiircd by reffection. Tlu'realtcr, 
although ammonia was continuously withdrawn from the .systy^n, the 
equilibrium pressure reinaiiied eonslunt, until only the .sysCcm utefal- 
ammo^ .. -jas was left. The free metal appears white hy reflection. .loannis 
explained the results as follows. The pres.surc remains constant at the 
vapour pressuru of the saturated K(»lution from tim fiioment tliat the com¬ 
pound is precipitated untfl the continued w'ithdrj^wal of ammonia causes the 
phase to disajipovr. The* compound then dissowates into metal and 

ammonia at a constant dissociation pressure, which is c^ual to the ^ut^)our 
prehure of the saturated solution, and hence only one eqifilibrium p^-cssure 
is observed in tlie experiment. 


* JJanciui't, The I'IiSlsc ivw/c ((/’ui#i(' 11 L'uiviasity, Now York, ISlk")); Kouzoboom, Di 
hAa'oijenen Olcirhacwkhte vom Standrun' tcV.''!' I'hasenlchrr {|{lml^\\itk, lOOl); finding, 
The I'hdsc liuk am Us Ayidrculions (hnuginaiisfi Ct».1 3ni editioi), 1911 j. 

“ Weyl, T<mj Awinle^i, 1861, I2I, GOl. 

JoaiiTiis, (Jompt. rend., 1889, lOp, 900. 
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; ‘Koozebooin' pointed out ttiat tho assumption made b/Joannis with' 
regard to pressures was unnecessary, since an explanation was supplied by 
the Phase lliile. The system compound - meUl - solution - vapour woiM be 
invariant (2 components, 4 phases), apd only exists at a single temperature 
•and pressure. At this invariant-point temperature, tho univariant systems • 
. componml - solution - vapour and compound — metal - vapour would have the 
same equilibrium presstires. Hence Uoozoboom suggested that Joannis had 
carried out his experiments in each case at the invariant point temperature. 
Joannis showed, however, that the phenomena he described were noticed at 
a series of different ienqnrainres. This proves'conclusively that no solid 
compounds arc precipitated, only one solid phase over being present, and. 
that being, as was clearly seen towards the end ot an fxperiment, the metal 
itself. In short, the divariant system solution - vapour exhibits, at constant 
temperature, a variation of vapour pressure with variation of composition of 
sdiution. With the precipitation of metal, a univariant system metal - solu¬ 
tion - vapour is obtained, and accordingly at constant temperature the system 
exhibits a constant vapour i)ressure during the withdrawal of ammonia until 
the phase solution disappears and the divariant system metal-gas is left 
behind- The “bronze-coloured compounds” are merely free metal covered 
with a layer of s.atnrat('d s(jlntiou, the surface tension between solution ami 
metal being •.extraordinarily gre,at. It has, in fact, been clearly shown that 
when the system contains considerably leas than one gnam-molecule of 
ammonia to one gram atom of sodium the li(piid phase is still present-^ 

Displacement of Equilibrium. —When a system is in equilibrium, 
and one of the fictoi's of (spiilibriuni (temperature, ]i);essure, etc.) is altered, 
the slate of equilibrium is disturbed and ebange occurs in the system. For 
instance, in the case ()f the syptcin CaCO^ - CaO - C(i.,, which at a definite 
temperature is in eipiilibrium at one particular pressure, if the temperature 
or the pressiire be altered, then,, according to circumstances, cither more 
carbonate dissociates br else combination of its products ot dissociation pro¬ 
ceeds to sfmi ( extent; and in thi.-; instance, if either of the factors of 
equilibrium is made to assume permanently a now value while the other is 
kept fixed at the original o(pnlibrium v.alue, the change within the system 
continues until one of tin; phases disappears. A new .,t.ato of ccpulibriiim 
can, however, l>e establisho(\ if tho second factor of oijuilibrium be likewise 
allowed to change. In the case of an invariant system it is, ot course, 
impo.sS|lblc to alter permanently any one of the factors of equilibrium without 
causing tho disappearance of at least one phase, since there is but one set of 
conditions under wdiiclj eipiilibrium is po.ssible. v, 

Tho direction in which change proceeds when a system in equilibrium has 
one of the factors of equilibrium altered may be predicted by the application 
of he (Jhatelier’s Theorem.^ This„is stated by Ostwafd in the following form 
If a si/stem in etjuililrimn is suljecled to a covstraint by v'liich. the eqmlibriwn 
is shifted^ ^ reaction- takes place which oppose^ the ionstravuty i.e. one by which 
its effegt is paiiiiJ'iy destroyed. Bancroft’s statement is that any change in 
.,the factors of equilibrium from outside is followed^ by a reverse change within 


’ ({ffozebooin, CompL rend., 1890, IIO, 134. 

Kiid’and Geibel, JJer., 1906, 39 , 828 ; ]\r.iiis, JSAmcr Cluni,. Soe., 1908, 30 , 663. 

‘ * For tho iiocf^ary iriodifiCHtion.^ of tlio Rulo when Hpjiliod to divided system*!, 

t.g. colloids} see Tolnuii, J. 'Amer. CAcm. Soc., 1913, 35 , 307, 317 ; cf. Pavlow, ZeUsch.: 
p/iysifca?. CAm., 1910, 75 , 48. , 

* Lo <Jhatc1icr, Compt. rend., 1884, 99 , 786 ; Biauu, Wicd. Aunalen, 1888, 33 , 387. 




tue ty&tem. To continue with the illustration already chosen, suppose that 
heat is supidied to the system an<l its teinpemtnro thereby raiseef The 
change that occurs must either be tlio dissociation '• the rc-furmation of 
calcium carbonate, and according to th^ theorem quok.'d that change occurs 
which absorbs heat, viz. the dissociation of tho carbonate. On (lie otlier hand, 
if at constant temperature the pressure upon the system is incrc -ed, change 
proceeds, according to the theorem, in the direction whicji dirnnuslies pres¬ 
sure, i.e. in tho direction associated with confl'action in volume. A(!c<)rdingly, 
the qu.antity of carbonate increases at tho expense of the quicklime and 
carbon dioxide until the pressure of the latAir falls to lliat of tho dissociation 
pressure. * 

Again, consider tly) system solid-lifiuld in equilibrium at a definite 
temperature and pressure. An increase of pressure favours transformation 
into the phase possessing the smaller specific volume. Hence (‘ither lujni^ 
freezes or solid molts according as tho solid o.N})ands or contracts un melting. 
The first is the more usual case, and the process of freezing lieing associated 
with an evolution of heat, equilibrium \m11 bo re-established at a higher 
temperature than before, i.e. tlio melting-point, is raised h}.; increase of 
pressure. The second case is typified by ice, hisinuth, gallium, a number 
of otiicr snbstaiiics, and the melling poiul. is lowered by increase of pressure. 

In a similar manner tho theorem may he employed to dedKioe that, at 
constant temperature, the solubility of a salt in a liquid is incii'ased or 
diminished by inci^ase of [irossiire according us tlie process of solution is 
attended by contraction or expansion; and tiiat, at constant pressiinq llie 
solubility is increased (jr decreased by rise of temperature aceording as tho 
limiting heat of solution {vide p. Ififi) is ru'gativo or positive, i.e. representH 
absorption or evolutloii of he^at respectively. • 

Applied to chemical systems, tho general result is olitaiued that (i.) at 
constant pressure, rise of temperature favours the cliaim'o that occurs with 
rtbsorption of heat, and that (ii.) at constant Icmjieratun^ increase of pressure 
promotes the change that is associated with ^liminntioii in vi.fume. Thus, 
considering the change 

N20,^2N02 

which occurs in the direction witli heat absorption, it fo^ows that tlio 
(togrec of dissociation of nitrogen peroxide is increased by aviso of (enqicrature 
and diminislicd by an increase of pressure. ^ 

It is easy to see, from the fact llnal cndotlicrmic reactions are promoted 
by riso/.f- temperature, why sueli eudotbennic compounds as carbon disul¬ 
phide, nitric*oxide, acetylene, etc., sliould be produced at higli temperature^ 
by tho direct umoii of their elements, altliougli at oTdiiiary temperatures 
these sabstandcs are unsttible. The production *of ozone from oxygen at 
extremely high temperatures^ is* also accounted for, tlie reaction being 
strongly endotlicnnic. • ^ • 

Ifi order to predict <iuantuativety the extent oi displacomcift of eijuililyium, 
it is necessary to have recourse to the second law of thermodynamics. The 
most useful deduction from this law for the present j^irposc is the ilieorcm, , 
which may be stated verbally in tho following way -: — The laten' heat of c.r2>an- ■ 
sion of a system is e/fual to the f>rot/«c^ of the absolute ieminmiure ai^l 


^ Fisciftraud Hiaelniiar, lJe%., 1906, 39 940. 

^ The theorem is expressed mutheiiuiticall^ later on. 
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increment of prnsiure per detjree of t€7it/>cr<iture at constant volume,^ The 
application of tliis tlicoroni to systems composed of perfect gasc^'enables the 
connection between displacement of equilibriiffn ilod change of temperature to 
be mathematically foi^i^iilated. Tlie relationsiiip is as follows:— 


;^(log.K) = 




wliero K is the e<]ni]ibriuni constant (defined by the equation on p. 171) for 
the system at the absolute temperature T, and (J, measured in gram-calories, 
is the heat of reaction at constant volume for the forward change (i.e. the 
change from left to right In the expiation on p. ,171). This differential 
equation was deduced by Van’t Hoff.^ Its ap])lication may be oxteruh'd 
to dilute solutions, and, by deriving the value of K in accordance with 
t}»c rule previously stated (p. 174), to the fluid phases of heterogenoons 
systems also. 

On the assumjition that Q do.’s not vary with the temperature, the 
equation may be readily integrated, giving 



where and K 2 are tlu' values of K at the tcmpe'.’atures T, and T<> resjiec* 
tivoly. The assumption requires that llie two temperaljires shall be fairly 
clesc together. Hence it becomes possible to calculate heats of reaction from 
measurcmoiits of equilibrium coustauls, and convciselv, from tluTmochcmicul 
data to deduce the iuflueuce of temperature upon chemical (Mpiilihrium 

The application.s of the preceding (Equations are dealt with in works on 
physical clicmistry. As a simple illustration, the change 

M( lJS--->NIh.+ H,,S 

may be cohsWered. If the ammonia and hydrogen sulfihide are present in 
equivalent amounts, the condition uf equilibrium h'u/e p. 174) i.s 

[Niy.[R,S] = K[NlfJ. , 

Denoting the partial }>ressure of the ammonijfhy p, the relationsliip 


[N’iy= 


p 

ItT 


follows from the gas laws; and licnce 


2 V\\ 




'1', 


' -/'I'C, 


From tin's equatioif'and Isamhert’jj dala,^ 


when 


T., — mm., 

Tj-282-5'', Pi = 87-5 nbu., 


' Maxwell, 'Theory of Hen!, lOtli edition (Longiiiaiis & Co., 1891) J Lolifcldt, I'hysieai' 
Chmisti'y (Arnold, 1899), p. H6 'J’lie tlieoromvts sometiines''refeii'ed to as Maxwell’s 
^hird Iherniodynatnic relationship. , 

- Van’t«Hofl', K. Svensfa JfondL, 1885, 21, 38; Zeiheh. 2}hysikul. Chem,, 

1887, I, 481. 

* lisa^iibert, Cumpt. read.,*1881, 92, 
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It is easily calcuiatecl that Q is equal to -21,100 cals. The experimental 
value for ilie lieat of suhlimation of aimiioniuni hydnjsiilphide at constant 
volume, is l)et\veeu - 21,G‘l(/aii«l - 21,810 calsd 

The application of the theriuodyuanjiie tlicoivui .^.niady <]uotcd (p. 179) to 
heterogeneous e<piilihrium is simple, and it is of great use in dealing with the 
passage of matter from one phase to another. If L denotes the l)-,at (measured 
ill units of energy) ahsorhed when at the ahsolulo temperature 1' a definite 
quantity of matter passes from one phase (11) another, aiut at constant tem¬ 
perature the increase in volume assoi-iatcd with the process is <h, the theorem 
becomes 



where the right-hand side denotes 1 ho rate of iucreaso of pressure upon the 
system witli rise of tinnperaturc at constant vohinio. • 

This equation may he applied to the solution of such jirohlems as the 
change of melting-points and transition-points with pressure, change of vapour 
pressure with temperature, change of solubility with temperature and pres¬ 
sure, etc. For example, at <a pressure of I atmosphere ice iiielts at 273’’. 
One gram of ie<^ ahaorU 80 I’-idorios, tj’. 80 x 41 '8 x 10'' ergs on melling, and 
the increase in volume is - 0 0908 c e , / c. there is a contraetiouv Hence, 

80x tl'8xl0'^ , , 

--?— - = - l.io X 10’dynes per so. cm Tier degree 

279 X •()<.)08 j L i L 

^ = - 1.9;') atmospheres per degree. 

That is to say, an increase of pressure lowers the molting point of ice, but 
only by 0 ()075' per atmosidfcrc. ' 

From the preceding example it will be seen that the inlliieiu^* of pressure 
^ipon the e<{uilil)rinm is very small. This is a general eh^ractevslicof systems * 
from which the vapour phase is absent Su^Ii systems are ealled condensed 
sj/stems, and it will be seen that transition-points, i.c. oipiilibnum temperatures 
in condensed systems, niAst be practically ideiiticiij with invariant point 
temperatures; for ii^st ,iicc, llie triple-jioint temperature for the system/ctf- 
^vater - vapour is -O'OOTo" C,,the transition-point, ix. the meUing-j^iint, 
being 0“ (J. • ' 

Rate or Chemical Ohange. 

HCTiiOgeneous Systems. —in dealing with ododtyoj reaction it is uo 
longer possiJjle to apply ilirectly the principles of tiiermodynamics to the 
study of the subject. In seeking experimentally th^ eomiectiou between 
rate of change and conccfiiration of the rgicting substances, however, help 
is afforded indirectly if it be recofleeted that the law tlms arrived at should 
be capable, on tlie dynamic view of ehemieal equilibrium, of londjng foctho 
law *of chemical efiuHibrinm (p. 17^), which Ij <s«i thcnnodyammic basis.^ 

Fpr homogeneous systems, such as gaseous systems at not too great • 
pressures, and dilute solutionis, the experimental law %-hich describes*velocity 
of reaction is the Laiv of Mass xictiov, which may be stated tlius :— 

At constant tempehitnre the. '^ife at which a chemical change is proceeding 


* This e.xaiiiple is taktii from Vaii't Hoft aiiJ Uohen, Htudies in^Chemical l^namics, 
■ translated by Ewan (Williams & Norgato, 1896). • 


\i,. _ 
di' 



.■jas 




at any moment is proportional to the concenfratMn, at that moment, of eavh 
molecnlfi of each substance takiwj part in the chamje, i.e. propoHional to the 
product of these concentrations. •• *' 

“ lUto of change "»or “ velocity of reaction ” signifies the rate at which the 
initial substaiKU's are disappoaritig, or, what is the same thing, the rate at 
which the pnnUicts of tlie change are acoumnlating; and it may he measured 
by the dimrnilion of concentration of any oi^o of the reacting substances per 
unit of time. Since the ooncenliations of tho initial substances contiiniously 
diminish, the rate of change likewise continuously decreases; hence the 
working out of experimental resdts goucerning"rates of change involves the 
use of the calculus.^ 

Consider the reaction ^ 

mjA. + wUl + ?H.,C+ . . + . . . 

denoting the concentrations - of A, 11, . . at a time t after the com¬ 
mencement f>f the reaction by C^, C^, . . the velocity v of tho forward 
change at that moment must bo given by 

where Ic denotes a constant called the velocity coHstant^ tne magnitude of 
which defHuhls upon the units of time and volu'.ne chosen, and on the 
temperature. Sianlarly the velocity r yf the reverse change is given hy 

vdicve h' is the velocity constant for this reaction. At the time t, then, the 
observed rate of change will be (r - 7'') in the forward direction. If the 
time t ha[ipens to bo the tiilic re(iulred for equilibrium to be reiiebod, then 
at that moment, and subsequently, v=-- v, I.e. 


' '1^- Vy_ • • • • 

. c,/"' . . 


The l.iw of mass action is thus in harmony with the law of chemical 
equilibrium, and indicates that the equilibrium constiVut K (p. 171) is to bo 
regarded as tlyj ratio of twp velocity constant.^. 

Tho simple.st typo of change is an irreversible change in which only one 
molccphxr species i.s concerned and only one molecule is involved in the 
change. The rate of change is then expressed by 


_</C 

dt 




where C denotes the concehtratiou of the initial substance at any tinn^ t from 
the start, 'hhe integration of this oijuation gives 


I =.-.102 


I'.lfe, , 0,, 
— Iog,o,?. 


* The reader desirous of familiarising himself with higher mathematics so far as is 
, rfecessrfly to tho study of pliysical chemisti'y may be recommended ^o Mellor, Higher 

^athematies»;fi>r Students of Vheniistry <t7j9 ritysics (bongmans & Co., 2nd edition, 1905)i or 
ISbitington, Higher I^fatheninties for Chemical Students (Methuen c 1911). 

* itn ^tarn-molecules per uryt of volume, as u>ual. 
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denoting tFie initial concentration. A met!»od of expressing the result of. 
intogratioti- which is sometimes preferahlo to tlio preceding is as folU^vs: —^ 




10 /T» 


C| and Co denoting the concentrations at times and respei tively. 

If, th'Ui, the concentration can be measured at various intorvals of time 
from the start, simultaneous values of 1J and t can Re insm-ted in tlieso. 
e(}uations, and a series of values of /c deduced. These values sh(»uld 
eipial, within the limits of experimental eitor. 

A change wlueli proceeds in a manner deserilx'd by the preceding ecjiiatjons ^ 
is called a unimolti'u!^)' change. An important characteristic of such changes 
may be pointed out at once. Suptxise tliat a definite fraction, say l/«tli, of 
the total quantity of original substance has undergone change. The con¬ 
centration will have fallen to (a-l)(Jy/a. The time ro<pured to ellect fhis' 
cliange is given by 


b303 I ^ 7<(/„ 

~ir' 


2'30;i 


'"Kk 


»-1 


Hence the time required for any definite fraction of the initial substance to 
undergo oliango is iudepondciit of tiie concentration. Fn^n the kinetic 
point of view this resuft is <piite intelligible, since each moleeule (loeomjK)se^ 
on its own aeeouitt, and tlic closeness or otlierwisc of neighbouring molecules 
is tlierefore of no consequence. It follows that “ipiantities of initial subsCanco 
present” may be suli^titutod for ‘‘concentrations” in the preceding e(piatioii.s.*. 

The most interesting examples of inorganii^ changes whicli have been 
shown to follow tlio nniiiiolecular law are th<^ various ricliooctive tntMj'ornxa- 
tlons. i*rovided that a radioactive substance can be obtained in a homo¬ 
geneous state and the products of its disintegration do nof interfere, the 
rate of transformation, which may b(‘ measured bj tlic Talc <d decay of 
r.idioactisity, follows tlie nnimolecnlar law.** 'I'lic velociu (•< •srtints of these 
changes arc^ calleil roAlio^vtive, voimtanfs, and demoted by A in the literature of 
the subject. It i.s also customary to state the “ perTod of lialf change ” T, by 
which is meant flie time tliat must elapse after any particular mpment, 
before the (juantity of initiar‘substanee remuinjng is reduce^] to one-half the 
jiiantity present at that moment. From the preet'ding equation it is 
^ecn tliat 




2 - 30:1 , 


0-693/A. 


The value of 1/A is termed the [Mniod of average life a radioactive clement. 
In the case *)f radium I’tor polonium) the peri<|l of half-change is 140 days*- 
Hence, with the day a - tinit of time, tlie radioactive constant is 0'603/140 
Dr -00400, a result usually e^ressed as Afday)"’= 495 x 10"\ A!^, tfee 
period of average life is 1 /O OO-fto or 202 da^. • # * * 

^It is quite possible for a reaction to follow the unimolecnlav law,*?.e. give 
a good “constant” for when the experimental*data are insoilled in the 
equation, even when the change must of necessity involve the interaction of 
at least two molecrtles. The (^lassie e.xainple, in the study of which the law 
of mass actien was used for t’uo fiiyt tij-ne, is^ an organic reaction, 

* Sometimes called the exponential llw, since it mjy be written C-('u .e' ^. , 
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“inversion” of sticrose in oqucoiis solution,' which proceeds according to the 
equation- «» 


a'^criiBo gliicoj-e liwulosc 


and ^dves a j-ood “constant” for a unimolecular reaction, as tlio following 
results - serve to shoa : -- 


f-, 

itiinH. 

c, 

Aibitrary 

Points. 


0 

1(1 O-J-t 


30 

9 ()i-2 

O-OOl.t'^ 

<>•) 

s-or? 

0-00I.56 

1 I'O 


0 00156 

j 130 

6-297 

0-0015.5 

1 180 

5 317 

0 001.51 


In this reaction the medium (water) ])articit)ates in the change. In all 
such reactions tlie concentration of the medium only changes by an inappreci¬ 
able fraction oV its initial value, and may therefore lie-regarded us a constant. 
Hence the only change of concentration that is of any consetpienco in'tlu* 
preceding case is that of the sugar. 

A chemical change that proceeds by the interaction of two molecules is 
said to be himolccidar. Denoting tlie two snbstanc^:s hy /\ and H, the 
equation 


holds for the rate of change. Only the simple case when initially (1.^ is ei[ual 
to Cj, will be co.isidered. . In this case 



whence, by integration, 



a result which is in a form suitahh' for the testing of experimental data. 

The conversion of ozone into o.xygen is, at KM)'’, an irrevcrsthle ctiango 
which follows tlie bimolecular law.'* The change tlius appears to be expressed 
by the equation , 

Its progress is readily observed by measuring the rate of increase of pressure 
within the system, maintained 11 constant vo(iinie. 

The decomposition of hydrogen iodide by lieat— 

^ Wil&elmy, PoyiU Annahn, 1850, 8 l, 413,'19y,i; Ostwald’s Klam1cei\ No. 29. 

' Quoted from Mellor, Chem>\cal Stt^tirs f< ul Dynainirs (Loiigiimiis & Co., 1904), p, 40. 

* Clarke and Clmpman, Tram. Clum. Sor., 1908, 93 , 1638 ; Cliapman and Jones, ibid,, 
1910, 97 , 2bi63 ; Chapihan, Science Progress, lon-2, 0 , 438. 
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18 ft reversible reaction in whicli both tlio forward find the reverse changef 
are ])inK)Iec(iIftr. )'\)r the velocity of reaction tlie equation • 


"({V 




holds good. Tf the reaction he started with pure liydro.M'-. iodide at a 
concentration and the coucenlration li:^s fallen to (',aftcr a tune t, the 
concentration of liydrogen is equal to )/-’ i^'dioe is the 

same. ) Icnce, 


Vt’ 






The ratio/'//•'is equal to the oqinlihriinn constant K, and can tlK'ieforo he 
detonnined experimentally and its value inserted in the e<}iiation. Th^ 
integration, which is(jiiito simple, leads to an exjiression for // in terimTof 
0 , ()„, and /, and e\]K‘riim'nt has shown that tlie expression actually has a 
constant value during tin; exfierinieiit.‘ 

In a bimolooular change the lime required for a (h'linite fraction of the 
original substances (taken m equivalent proportions) to he transformed is 
inversely propqj'tional to the initial concentration. 'J’lie proof may lie hdt to 
the reader. « 

(j'ow cluinges .are knfiwn wliioh involve the direct interaction of three or 
more niolecnles, a»id they will not l)e disciissefl here. Their rarity is readily 
understood from the point of \iew of the kinetic tiieory. It thur(3fon‘ appears 
that <roinj)licaU‘d reactions tak<“ phu e in successive stages, and the fact that a • 
complicated cliange follows (he law fora hiiiiolecnlar or ternioh'cniar reaction 
may he explained by siippoMiig tliat one of jlie stages is of that order, and 
thatai! the otluT stages tfSive velocity constants exceedingly large in com- 
panson willi thnl [)arLii'tdar stage. To ta’ e quite a simple case, the dccom- 
.position of hydrogen pei<}.\i(le in aqueous solution [iroefeds a? a iniimoleeiilar 
change. Aciiording to tin; equation • - * 


* 2lh,()..--2ll,Oi-(t„ 

it would be cx-peett'd to be bimoleciiiar. Hence it is supj»osed tliafc two 
successive reactions ocelli " , , 

(i.) U,,0 .,Jh,0 + O (iinimoleeidar) 

(n) • 

and tl«t (ii.) proceeds at a rate enonnoii.sly greater than (i.). 

.Ml elieitueal changes the velocities of which have i)ccn measured do not 
exiiiliit the sinq^Iicity tliat might be anticipated from the foregoing account. 
The “ irrogulanties’’ often observed m.iy at«tiines»be traced todotinite causes. 
One of the products of a change may, as soon as it is formed, commence a 
reacUon witli one or ofhortif the^nitial .siibst.inces; or th^ initiaOsubutatices 
may be cajiablo of interactbig in a number of®ways, and accordingly two or 
rnori;independent changes ^nay proceed .simnltanoousiy, In eitheroof these 
circumstances “ side reactions ” are .said to ociTur. T/ie existence of*a period 
of iTidnetion is observed at the commencement of various reactions. j3uriug 
such a period the velocity in(^-oases«to a maximum, afterjvards falling off 

- - • ’ • - 4 

* See Vaii't Hoff, Lertwes on Tho'rdical <OiJ Phyav'al Cliauhtry, braii-slated bsLehfeldt 
(Arnold, 1899), vol. i. p. 187. • 
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in tlie nol'mal manner. Tt is not difficult to show that the existence of a 
period d' induction is a consequence of the Law of Mass Aidion if *1116 change 
in question proceeds in successive stages, hht Hhat tlie detection of the 
.phonomonon^ is very* improbable unU'ss the velocity constants for the 
successive stages are of about the same order of magnitude, the greatest not 
being more than, say, ton times tlio smallest. It must not be concluded, 
however, tha'o tlie observation of a period of induction proves that, a change 
proceeds in stages. Tlie most interesting period of induction is that observed 
when chlorine and liydrogen unite under the influence of a feeble light—a 
reaction which is termed a phopjchemioil change. The existence of this 
period of indiictiou has been known for years, but it is only within recent 
times that it has been shown that the pure gases do not exhibit the plieno* 
menon, whiidi is due to the presence of minute quantities of nitrogenous 
• impurities which prevent the formation of hydrogen chloride, and which are 
themselves destroyed by light.- 

The radioactive transformations afford beautiful illustrations of smeemve 
immolecnlar chaju/ea. For example, radium is transformed by loss of 
a-particles into niton, or radium emanation, which in turn loses a-particles 
and changes into radium A. The latter spontaneously changes into radium 
B, and so on, radium K eventually passing with loss of a'p;.,rtieles into an 
inactive prod'..ct whicii is [irobably lead. The periods of half-cliangc of these 
successive transformations vary enormously, being ns follows: -- * 

ruduiin C, 

radiuiri —> niton laditim A radium ll -> 10 5 iniiib. -> radium l>-> 
c. 1/00 3‘SC days 3 miii«. 2i)7 mius. radium c. 17 y<'ars 

years 1'3S mius. 

radium -» radium F —> radium (J 
r>'l days HO days not radi nu-live. 

Heterogeneous Systems.- -It is not proposed to discuss here the 
results that have bccA obtained in studying velocity of reaction in lietoro- 
geneoiis sysielUs. One or two r(>marks only can be made. It will be obvious 
that the observed rate of change in such systems must be largely influenced 
by tlie extent of the surfaces of separation between the pliases, and hence, for 
example, the rate of solution of calcium carbonate in li) Jrochloric acid will 
depend upon the state of division of the solid. Further, such velocities aro 
dependent upon the rate at which tlie products of reaction dilluso away from 
the sur‘‘rccs of separation, and hence, in the case just quoted, the velocity 
will vary if the liquid is stirred at different rates. It is probable that in 
many reactions the change proceeds wdth great rapidity where the phases 
come into contact, and that the observed rates of change are determined 
almost exclusively by diffusion velocities.® 

Various reactions must be regarded as taking place in lietorogeneous 
systems, although ai first sight this may not seem tc be the case. The union 
of hydrogen and pxygen, the rate of which cam be measured at suitable 
temperatures, is a case in poiilt. The reaction takes place almost exclusively 
at the walls of the enclosing vessel, and when thejatter is packed with pqrous 
porcelain the velocity of reaction appears to deixma largely upon the rate of 


. * , by observing that a satisfactory v^Jocity constant is not obtained in the initial 

vl.'ges of the reaction. . „ . ‘ 

^ Burges^ and Cliapman, Trans. Ckcm. Soe., 190C, 89 , 1399 ; Chapman, Sdtnct 
Progress, 6 , 657 ; 1912- 3, 7 , 86 ; sec also Vol. VIII. of this series. 

^ Nernst, Eeitach. physikal. Chetn., 1904, 47 , 52. 
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adsorption of hydrogen by the porcelain surface.^ Tlio decomposition or- 
phosphine, arsine,- and stibine^ into their elements when Jieuted afhcft'd further 
examples, the docoinpositfon caking place in the 1 ■ ■ cv of gas adsorbed by the 
surface of the containing vessel. The fact that tho/irst two of these reactions- 
appear to be uniniol('cnhir ehaiiges probably ineans that tin', rate of adsorption 
of gas by the surface is proportional to the pressure. 

Influence of Temperature and Medium on R^te of Change.—Iir 

tlio case of the radio-active transformations, the velocity constants appear to 
be (piito independent of the tomperature. With all other changes, however 
a change of temperature affects the velocity of reaction, ard with one or 
exceptions a ris*b of temperature causes the change to proceed at a 
rate than before. In homogeneous systems, tho velocity constant is usually, 
doubled or trebled by a rise in tomperature of ten degrc(‘s, and so an increase 
of tcinpcraturo of one hundred <legrces generally increases the velocity const^jjlt 
at least a thousandfold. It is a(;eordingly easy to understand why compara- 
ti\ely few reactions lend themselves to velocity measurcmetils at temperatures ■ 
convenient for experimental work. At ordinary temperatures many reactions, 
particularly those between acids, bases, and salts, proceed fai; too ra])idly for - 
their velocities to bo measured. On the otlu'r hand, many ri'actioiis must b© 
considered a» progressing at the ordinary temperatures, although at such 
slow rates that jio oliscrvable change occurs in any rcasonal.'lc^)('riod of time. 
Thus, a jnixturt! of hydrogen and oxygon must be regarded, at ordinary < 
tcmpor.ituros, a;? changing, although excessively slowly, into the more stable' 
.system in whicli practically all the gases are united in the form of water* and 
observations extending over a number of years actually show that yellow 
phosphorus slowly cliangcs into the more stable red form. Some reactions 
can occur with gieal velocity at very low temperatures. Kor example,, 
fluorine and hydrogen unite with violence at and fluorine will react 

spontaneously with sulphur, ai’seiiic, aiHUolher elements at - 

The remarkable influence of temperature on riite oi change is often 
applied Vith advantage in investigating States of eqnilibiJ!im, Since, for 
example, neither the do';onipositi<in of hydrogen iodide nor thi! revcr.se change 
proceeds at an appi\'Cial)le rat(‘ at llic ordinary temperature, it is possible to 
dct(*rminc the qmdititics of hydrogi'ii iodide, io<linc, and hydrogen pivjsent in' 
a system in equilibrium at \ higli lemperatuiie by cwliug.the system with 
groat rapidity, and then applying the methods of cho’mical analysis to the 
problem. ^ * 

From the nature of Van’t Hoffs equation connecting displacement of' 
cquiKhrinm with change of temperature, it follows, on the dynamic view of 
equilibrium, that tho ci^nnectioii between temperature and velocity constant 
for a homogeneous clianue is of the form 

• * 

where B is independent of, hut A varies i^omewliat vvitli tho temperature'- 
(sifico A depends upon thf value of the heat of reliction). Tho majority df- 

^ Bone and Wheeler, Phil. Tna^., lOOG, 206 . 1. 

2 Van’t HolTand Cuheii, n Ohv^u'al Dynamics, translated bv Kwan (Wniidm. 

& Norgate, 189(V), pp. 1 and 49 * • • 

■* Stock and Bodenstein, Per.^ 1907, 40 , 570. 

^ Van’t Hot!'and C<4ieii, c/Y. | 

® Moissaii and Dewar, Compt. rmi, 1903, 136 , 641, 796, 
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the empirical formulae that have been fonnd to represent satisfactorily the 
influence Of T upon /»■ in [)arlicnlar reactions can he derived from tlie*prece<ling 
eejuation by assumirig that A varies with T in 'll s'Mtablo, gencr:illy quite a 
simple, manner. 

The view here eNpresse/1 (loncorning ti»e inHuence of temperature iqxai 
rate of eluiuge may be stated in the form tlcit the velocity of a reaction 
changes contiUMously witli change of temperature; hut there is a number of 
changes in which this view appears V) bo incorrect. For a discussion of sucli 
yhanges, and tiio nature of ‘‘ false etjuilibrium,” however, the reader must be 
leferrod elsewhere.’ ® ‘ 

A change in the nature of the medium iiiflueuces tl»p rato** of progress of 
a chemical reaction often to an enormous extent. Jf’or example, the slow 
decomposition of carbon oxysulphidc in aqueous sohilioji, 

a»,s + H,o = CO., + ri,H, 

is an example of a himolecular change which gives a good constant for a 
unimolecnlar reaction (see p. 183). At constant temjK'r.atnrc the vchxnty 
constant for tins change is considerably altered when the nature of the 
medium is altered by the addition of a soluble acid or salt.- A most 
striking instance is furnislieil by jMouschutkin’s determination of tlie rate of 
combination oi^ trielhylamino (C.,H,p,jN and ethyl iodide nt 100' in 

various orgjinic solvents.^ With licxane as sohent the vehieity constant for 
this himolecular change is 0‘00018, ivliilst with hi'uzyl alcohol it is 0’133. 
The influence of the soivamt upon the degree of inoleculur complexity of a 
solute (s(!e Ciiap. IV.) m.ay also ho mentioiu'd. An cqiiilihrinm is mvolved 
in all such cases, an<l the rates of the opposing reacti<ms are uueqnally 
influenced by change of solvent. In the decompt'>ition of ozone’ at 100'', 
iuteresthig as being the only ease of irreversible homogeneous eli:mg<‘ in the 
gaaeomi state at’.presovt (101 f) known, the presence of oxygen, nitrogen, 
carbon dioxide,, or water vapoui;, has no etleet, the rate of cliang,e lieing 
conditioned solely by the concentration of ozone in tlic mixture. 

A .satisfactory explanation of tlie influence of the medium is still lacking. 

Catalysis. —It has been already pointed out that'"tlq' rate at which a 
reactioli proceeds is changed by altering the medium in which it takes 
place, b’requentiy, Irowever, it is noticed that the rate is altered, usnally 
greatly increased, in the pre.sencc of a very small quantity of a “foreign” 
substance, that is to say, a substance that apparently takes no part in the 
change and is left at the completion of the change unaltered in choinical 
composition and in (jii.-intity. The foreign substance is called a rutali/U or 
catalytic and tlie j.henomenou is termed nUiUyus^. Examples are very 

numerous, d’iio evolution of oxygen by healing ])otassium chlor.vUi proc.eods 
at about 400°, but when a little manganese dioxide is added, oxygen can be 
readily obtained at tem])eratnres a little over 200°, before even the chlorate 
melts The i-ate of union of hydrogen and oxygen, iiydrogeu anti iodine, and 
sulphur dioxide ami oxygon is in each case greatlj- accelerated by contact 
with spone;y platinum. !fho addition of a little colloidal platinum brings 


' Mell^r, opua cU. 

i^.^huchliot;k, Zeitsth. physikal. Ohe^p.y 1837, 23 ,'123 ; 1900, 34 , 229. 

* Mert.scliutl.in, Zeifsch. phynknL (7A«5?u,4890, 6, 41. For other examjdes see Diinroth, 
Annalen, 1910, 377 , 127 ; Segaller, Trans. €hmn. Soc., 1914, 105 , H2. 

'* Vule supra, p. 184. < 
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about tho rapid decomposition of hydrogen peroxide in .aqueous solution at 
the ordinary temperature. Tho •‘inversion” of sncruse only proifceds with 
appreciable velocity in tic presence of acid, win b is loft uiidiininislied in 
quantity at tlic end of the experiment, etc. *' 

A catalyst is defined by Ostwald as a sub.stanoo which chaimcs tho velocity 
of a reaction without itself being champed by the ptoccss, a di fimtion which 
implies that <a c:ttalyst is incapable of starting a reaction, and only allects the 
speed of a reaction already proceeding, Ihough perhaps at an <!\ceodingly 
slow rate. This is, liowovcr, in the present state of kno\vlodge, only a inattej 
')f opinion, and others hold that a cata^-st can actually initiate a reactio^K 
rin' (juantity (?f a catalyst present is often excessively small in compi^soii. 
ivith the (piantity oC material reacting, For instance, ten litres of a mixture 
hydrogen and oxygen were caused to combine at the ordinary temperature 
n the jircsenco of O'OOO-J- gram of colloidal platinum, and the actixity of thg, 
catalyst was still immipaired.^ Tlio final state of a sy.stcni nndergttlng 
diangc inirst therefort^ he independent of the natuie ami (juantity of any 
catalyst jiresiait, and, in jiarticiilar, the slate of e(]mlihniim in a reversible 
change cannot he alli'cted by a catalyst." For instance, it has Ih'Cii shown 
at ‘150° and in the al)S('nce of a catalyst, hydrogen iodide decomposes to tho 
extent of 18 (# j)cr coni, before (equilibrium is reached,-' while in tlio presence 
of platinum black as catalyst 15) per cent, was found to h;^ve dissociated.^ 
llijncc it follows that a catalyst which mo(lili(‘s tlic Ibruai'd rate of change in 
a reversible reaction must simifarly modify the rate df pntgic.ss of the reverse 
change, a conclusion that is in harmony with exjicrniK-iit. * 

Tlie enormous yifluencc of water vapour on many eh('nilc:il cliangcfr 
ad'ords numBroiis striking instama's of catalysis, ('.irhun uKUioxidc does not 
combine w'ith o.vygen under the mthi('nc('of t^e electric spark when the mixed 
gases are jicrfectly dry.-'' ‘*A similar rc'^^ilt is observed with dry hydrogen and 
oxyg(ai. Numerous elements arc nnch-viged xxhen healed in dry oxygen or 
chlorine ; thus sodium may he melt(‘d in dry oxygen \fitliout elH.mmal change 
occllrrii^^^ Dry aimmmia and h}(h'ogcn chlftiide do not uniti'.fiiTd, conversely, 
dry ammonium chloride doi's not dissociate when lu-ated. Tlie dissociation 
of calomel vajamr into mercury and mercuric chforide docs not occur with 
tho dry substance,^incl dry nitrogiai trioxide vapour, far from htjing dis^>eiated 
into {loroxido and nitric oxid(y, is largely as.sociukc'd as Nd)^, ij^ioleciiles.*’ 

It is not possible to say with certainty whether tlicsc'rcactions are actually 
stojiped by tlu! absence of moisture, or whether tho olianges stili proceed 
with exceedingly small xeloeitie.s. It has bc(in supposed \hat two perfectly 
pure* substances cannot react, tho jircsence of a tinrd being essential to the 
eominenc«ment of chemical ch.inge;' hut tlie ditliculty of proving such an 


’ I'lnist, Zctl’^cli. pUjsihiJ. 37, tls. » 

^ Owing to tho diHiculty <.)f dofining oxiiclly llip nature of ctilalyMs, this conclusion is 
ojicn to question. Tlius, it i.^ dillicuit lo see how the “ iiiHiiciicii^jf tlui s>»lveiij*”?fefcrrftd 
to in lli(' prece(ling section, can be cvchiilcd froui (il-liat is terinetFcalalysis, if’«the usual 
definition is acccjil(‘(J, inxl yet (diaiige of solvent is a-ssocialcd with (hsjilaccinent gf 
eqiTilibriuni. * • 

hemoinc, .-/nn Chini. Thijs., 18/7, (v.), 12, 

* Hautcteinllc, rnui, 1867, 64, 608. 

® Dixon, Jlrit. AtiS'ir. Jic/miis, 18^0, 693^ ^ ^ 

® koi- full icfc'rcnccs to the litciuturC ol tliia pha^' of tlie subjccl-, Mclloi an<] Ipfi—^’1 
Trans. C/inn. Sue., 190*2, 81, 1272 ; Dakei, ilna., 1894, 65, 611 ; 1907, 91, Kt6‘2. 

’ Armstrong, Traii9. Chcni. Soc., 1886, 4Pi 112; 1895, 67, 1122^ 1903, 83, J088 ; 2*ro€. 
Hoy. Soe„ 1886, 40, 287 ; 190-2, 70, 99; 1904, 74, 88. • 
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'■h^thosia experimentally ia obvioua, and as a general theory ol chemical 
change tlir's view is not widely accepted. 

Many clicmical prucesses carried out on dv (iiamifacturing scale are 
hastened by catalysts;' '•'or instance, the manufacture of sulphuric acid by 
the chamber process, of .sulnhur trioxide by the contact process, of chlorine 
by Deacon’s process, etc., and catalysis is tlierefore a subject of ^reat 
practical as we}I as theoretical importaucc. No satisfactory generojl theory 
of catalysis is at present known,- anil probably the many instanc('s of catalytic 
^ction known cannot all be explained on tlie same liypothesiH. The favourite 
taode of explanation is to assume die formation of intermediate eompound^^ 
.into the compositions of which the catalysts enterthese intermediate 
substances then react to yield the final products and regenerate the catalysts. 
.Particular instances in which tins view receives experimental support will he 
dealt with as occasion avisos in llie other volumes of this series of text-hooks. 


' See Johlinir, Chemical Worldy 1914; Cmmy, ■/. aV. huL, 190J, 21, 302, 

where niuiarous ciibcs are tliscUhM-d. 

2 A proiindiif' dioory of liomogcni'ous mUlvMs Im broil outlined hy Rosanolf (/. .imcf. 
Chem. Sor., 1913, 35, 173). Sr.c also RosaiiolV and I’oUer, ilml., 1913, 35, 248. _ 

2 In wliieh case it. may very well huipeii tliat tlio calaljst actoalh/^biiiuis af’Oi/t a 
reaction, and mil merely haslens one already 111 [iii'grcss. 

* For furl hoi infomialion, ru/e llellor, o^'Us cit, (p. 169); -Ontwald, Uihcr Aalalys' 
(Leipzig, 1902). 



CJIAI'TKU VI. 

ACIDS, BASES, AND SALTS. 

Historical. —The only acid witli wliich the aneients wore familiar wa.s 
vinegar.^ Tliey noted tliat it acted as a solvent upon many substances, 
dissolving calcareous earth, for instance, witli eliervescence. Suhsoiuently, 
other liquids were preparctl, eharactej'ised by similar solvent powers and 
possessed of a ^our taste, and they witc classed togeliicr as acn/.f. Impure 
nitric and sulphuric acids were known in the eighth century. 'Jiin? alchemists 
attai;lied considerable nnportauce to acids, and j’cgaided tli<-ir powm* of. 
dissolving substances Avhieli are insoluble in water as their distinguisliing 
characteristic. ' 

The name originally a})plied to tlie ashes of sea plants, the 

detergent ]>roperties of which were noticed in very early times. Later, the 
application of the terwi was extended to incliKhi other substances, wliich, like 
the original alkali, dissolved in wat<;r, producing solution,s liaving a soapy 
action on the skin and the power of afleptmg tlie colour of various plant 
pigments. * '* 

The i'.iteractions of acids and alkalis w^bro much atudh d'*<luring the 
soventeetith century. It was noticed that tlie substance produced when an acid 
and an alkali were mi.xed did not exhibit the clutracteristic properties of 
either an acid or a^liase; such substancCvS became known salts. 
pointed out that acids were diaracterised ,bv solvent power,, tlie ability to 
precipitate sufphnr from its solution in alkalis, tlie powei' of turning certain 
Iduo vegetable colouring-niatlers red (alkalis ejecting tlio revcr.se .^diange) 
and of combining with alkali.s, wIk’h a salt was produced* A number of 
alkalis*were noticed to efl'orvcscc with acids, and were called mild albdis to 
distinguish* them from tlie others, or cmislic alkalis. Further, substances 
were discovered-j which, although practically insoliiblc'in water, nevertheless 
conibifted witfi acids to foVm salts. These,were g.'^allcd being further' 

disting.iirhcd as mildear'hs when fheir inim-actiori with adds was accompanied 
by oflervescence. ■* , ^ ^ 

Originally the word snlf was }\])[»licd to sea salt, and evdi at the present 
day pt is still commonly employed with this meaning. Subsequently the* 
term salt came into use aa a class name foi^ substaTicos which, like'sea-salt, 
are soluble in w'aterand maybe n'coveri'd from the solution ly evaporation of 
the solvent. Paracelsus (sixtceifth cenpii'}) and the iatrochemists appljed t^e 

* GntOc Latin = sour; {Iroik Latin rttv^i^s-vinoirar. 

“ Arabian = the asli. ^ lioyWs ColkcUd IVsth \o\, iv. p.*284, 
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term to denote solid substances obtained by tlie combustion or ignition of 
other substances. Early in the eighteenth century the special pfbporties of 
salts were stated by Boerhaave * to be soliihili^'y, fusibility or volatility, 
and taste. Later, hov^'ver, tlio acids and alkalis were exempted from this, 
definition, while insolnblc, tasteless substances obtained by tlie interaction 
of certain earths and acids were classed as salts, so that the term “salt” came 
to include alt snbsLinces protluced by the action of acids on alkalis, earths, 
metals, and calces ot metals (i.e. substaneos obtained by heating the metals 
^.in air).^ Substances which formed salts by interaction with acids wore 
‘'grouped together as hashes by Roiie^.o in 1744. ' 

Van Jlelmorit distinguished betwiaui fixed alkali and' volatile alkali 
(ammonia); in 173(i Duhamol divided fixed alkali into vegetable (potash) 
and mineral alkali (soda), For a long time it was sujjposed that tlie caustic 
^alkalis and tlie earths were more complex than the mild alkalis and mild 
eaiths; for example, following the views of “Basil Valentiite,” limestone, 
which effervesced with acids, was supposed to combine with “matter of fire” 
when heated, thereby producing <pii(;klime, whicli did not ellervosce with 
acids. It was|j liowever, shown by Black,^ that limestone is really ipiicklime 
combined witli a peculiar gas which differs from ordinary air, and that it is 
this gas, called Ji.inl <ilr by Black, which escajies wlien limestone dissolves 
j,in ail acid with ctlervescencc. He further showed that tla- mild earth 
“ magnesia alba ” is similarly rohitcil to magnesia, since it i-onsists of magnesia 
combined w'ltli fixed air; and that tlie same product is oht.iined in solulion, 
w'hether magnesia or magnesia alba he dissoKed in an aci<l. Tlie work of 
Black cnahied a clear distinction to be drawn betwe*'u mild and caustic 
alkalis and lietwccn the earths and mild earths. 

The discovery of oxygen by I’riestley ' and Sidiecle,'' and the recognition 
of the real nature of the plieuomenon of comlmsiion by fjavoisicr''in 1777, 
led to tho oxi/gen theori/ of aeiils. From the fact that various non-metals, e.<j. 
carbon, sulphur', and pliosphorus, comliinc with oxygen to form oxides^ whicli 
dissolve in waler yielding acid s(/lutions, I.axoi^ier concluded that OAygeu wa.s 
the “acidifying principle” and was contained in all acids. To liim an acid 
was a combination of oxygen with an “aculifiable base,” ^^ wliich was usually a 
non-ipetal; the oxides of llic metals were not acids, but were identical with 
the calces obtained by healing ,tlic metals in air, Althougli it was sub- 


^ ]>ocitiaa\i!, J’Ji'<.ine)Uu Cheinio, 17S2. 

^ Spe Lavoi'iier, Klcmcnlft of ClifmiUry, translated by Kerr, 4th edition, 171'9 ; Nicliol- 
son, The First FrindpUs of Chemistry, 1st edition, 1790, 3id odition, 1796. 

^ Black, Fxperimentson 3Iaijiu'sia Alha, Qiixldime, undofhrr Alealine SiJk 'anccs, 1755 ; 
iilcprna* (Clay, 1893), No. 1, , 

* Pnestloy, Experiments and Observations on Ihfcrent Kinds of Air, 1775; 

1894), No. 7. 

" Schoole, Chemical frealise on Air and Fire, 1777 ; Alemnic Club Jleprints^Chy, 1894), 
No.':. 

• Lavoisier, (Euv.'is, vol. ii. ji. 2''‘6. 

’ Binary coni|>ound» (‘ontaiinng oxygon are call'd oxides ; those containing sulphur, 
sulphides \ selenium, seknjdes', tc|luriiun, tellnrides] 4iyili’ogen, hydrides', chlorine, 
chlorides', bromine, hronudes', iodine, iodides-, Jlnorinc, Jluorides; iiitrogoo, nitrides', 
phosplioruH, idr.?, etc. The sullix -ide nlmosl invuriahly terminates the name of a 

compound ; and the nanio niodirnd is tliat of kho nioro wyative elemont, e.<j. ZnO, 
rf»eox'u(C\ 'FnCX, a. dium chloride, f'.io. 

' * Also cal'cd the radicle, a term duo to G, dc Morvoau. For the liistory of tlie various 
meanings that have, been assigned to the ^vord radicle see Ladenburg, Lectures on the 
History dy'Chemistry, translatcrl by Dobbin, (Thin, 1905), Lectures? and 8, 




ij^iieatly shown that certain acids do not contain oxygen, the id^^ tfiat' 

^atcids wore oxides^'was generally held until about 1838, and the oonipourids 
4hat these oxides were kiiow^n t ■> form with water w' ■ regarded as nydrat^ 
of the acids. 

Salts wore regarded by Lavoisier and his followers as con^pouiids of acids 
and bases, the latter including calces or inetallie oxides, causfi ^ ‘ilkalis, and 
earths. Although he was unable to prove it, Lavoisier was inclined to regard 
the earths as being oxides of metals, and* this view was*slu)rtly afterwards 
confirmed. In 1807 Davy^ isolated the metals sodium and potassium by 
the electrolysis of fused soda an<l potash wspectively, the metals appearing! 
at the cathode, and oxygen at the anode. He accordingly regarded tho- 
alkalis as oxides of ili^se metals (later tliey were siiown to be hydroxide^),- 
■ and, turning his attention to the earths, lie succeeded in showing that lime,, 
strontia, baryta, and magnesia were oxides oS hitherto unknown metals, which 
he isolated in an impure state..♦■••aes* 
Lavoisier's theory of tho constitution of salts was develope<l by Berxolius® 
into the diudUtic theory of chemical combination, an electrochemical thopry 
which dominated chemistry for many years. According to Berzelius, cach^ 
chemical atom, when in contact with another, is electrified? Kaoh atom* 
possesses two j^iiles, a positive and a negative pole; but tho charge at one 
polo is much greater than that at tlic other polo, and conseijiic^.tly an atom' 
appg^rs to bo either p»/sitivcly or negatively charged according as to wliich 
of its polos earriofe the greater charge. Tho most electronegative element, 
according to Berzelius, was oxygen. In cliomical combination between iwo 
elements there is a neutralisation of opposite electricities, accoinpanied by" 
manifestations of heat and light. For instance, in tlie union of oxygen and 
another element, therxi is a partial noutralis?/.ion of negative electricity from*', 
the oxygen, and positi\o*flcctricity from the other element; but as the 

f iositive charge on tlic one element may bo^ greater or less in rjiiuntity thAfJ 
he iiogutivo fliarge on tlio socorKl, tlic comjiouiHl niroiliiiied poswessos a ' 
certain ]■£ iilnal charge of negative or po-itiic sign. The “e<np[»nnd of tlte-. 
first order” so produced is ficnce cajiablc of still further coniliinatinn; tbi 
oxide of putassiuiii, for example, which is positi»c, can niiitc with the. 
oxide of sulphur (cv sulphuric acid, as it was called), which is negative, to i 
form sulphate of potash, a ‘lompound of the second order.” This, irt likh 
manner, is stili capable of combination, foi exainiilo, with^nilpTiate of alnmino,' 
to form alum; but, according to Berzelius, the stronger poles in genei-al ar$i' 
neutralised first, and so tlie intensities of the electric forces, th wliich cheinioal ' 
combigation is to lie attriliuted, diminish Uie higher the order of thfh 
compound iiecomcs. ' 

On tliis dnalistic view, then, every compound was Aipposed to be cap^la’’ 
5f division info two parts,'one positively and tiur other negatively electrical.! 
A salt was regarded as a coiupoiirfd of the Second onier,rforniod by the unioDi'i 
of a^positive metallic oxidiiand an acid or negative oxide, eacli of, the ojides”’ 
being a compound o.' the first o*rder; and fornuih'e were written in'*suoU a j 
manner as to indicate tliis idea. Snlpliale of potash, for example, a eonlpound'j 
.of potassium oxide, KO, and sulphuric acid, Sidj, was,writteii KO.bO,. . ;? 

' Davy, Phih Irmia., 1808, 98 , 1. 

.' . ‘ Davy, Phil. Trans., 1808, 98 , 333, . . 

fSclmetgijff’s Journal, 1812, j, 119; Lehrhuch der CAcmi'e (Dresden. 2 nd* 
^edition, 1837), vol. iii. part 1. ^ 

y-'.TOL., I. 


13 



:'- vLavoisier’s view that all acids must contain oxygen was gerierally accepted 

his onnteniporaries; but Berthollot, in 1787, expressed a different opinion. 
Ho pointed out tliat prussic acid contains ca/’bcyi, hydrogen, and nitrogen 
only, and that sulpliuivtted hydrogen,^ which behaves as an acid, contains 
nothing but sulphur and hydrogon. Accordingly, he regarded other elements 
besides oxygen as acid-prodiicing; but few chemists accepted his views. 
Between the years 1808-10, however, it was demonstrated by Davy^ that 
chlorine, discovered m 1771 by Sch‘e(dc,- is an elementary substance, and that 
H combines with liydrogoii to form a compound which behaves in solution 
•as a strong acid. It had prcvioi\sly been assumed that chlorine contained 
oxygen, and Gay-Lussac and Thenard,“ who studied the reactions of chlorine 
and its hydrogen compound about the same time as Lavy, adopted the view 
that hydrochloric acid was a compound of an unknown mdinnl muriaticum 
with oxygen and water. Gay-Lussac, however, eventually accepted Davy’s 
viw, being led to this step both hy his investigation of the properties of 
iodine, during the coarse of which lie prepared hydriodic acid,® and by his 
study of pi’ussic acid and cyanogen.^ The experiments of Davy and Gay- 
Lussac made it impossible to assume any longer that oxygen was a con¬ 
stituent of all acids. Tile acids devoid of oxygen were called hj/dmetds by 
Gay-Lussac, and B(;rzcUus drew a sharp distinction between, on the one 
hand, tlie h^(h'acids and their salts, the haloid salts; and, on the other hand, 
the oxyacids and their salts, the anqdiid salts. 

The modern, or hydroyen theory of acids followed quickly after the 
discovery of the polybasic acids. Tlie latter is due to the classical investiga¬ 
tions of Graham in 1833.''’ Graham showed that the. water contained in 
/‘hydrated acids” was essential to their constitution, and that ordinary 
phosphoric acid is to he regarded as a compound of one ‘^atom ” of phosphoric 
oxide, and three “atoms” of water. ,,Thc salts of*'the acid arc likewise to be 
looked upon as compounds of “atom” of jihosphoric oxide and throe, 
“atoms” of base, of nhicli one or two “atoms” may be water— i.e. tlie salts . 
are derived by:the partial or complete replacement of the three “moms” of 
water in the acid by “atoms” of base. Ho further showed that there are 
■*.two other phosplioric aC-lds, one of whieli is a coiiipound of one “atom” of 
pliosphoric oxide and two “atoms” of water, while the ether is a compound 
. .of one “atom” of phosphoric oxide and one “atom” of water; and that the 
salts of these acids are likewise derived by the replacement ot the “atoms” 
of water,by “atoms” of base. Thus, Graham showed that what was at that 
' time regarded as"phosphoric acid formed tlircc distinct hydrates, which were 
'iable to saturate different (quantities of base. 

In 1838 Liebig^ showed that a large number of organic acidic resemble 
phosphoric acid. For example, tartaric acid not only forms salts by the replaco- 
, ment of one atom of water by one atom of base, but it also forms salts by the 
replaccmebt of two a'tums of water by two droins of leither the same base or 
difesnt bases. Thus arose the idea of lyolybasie acids. But Liebig went 
further than this«;'he showed^how to get nd of Jho division of acids into 
^.hydracids and oxyacids. 


^ Alembic Club Jieprints (Olay, 1804), No. 9. 

. 2 Alembic Club liep'iiits (Olay, 1807), No. 13. 

-i* Gdy Lusiac, Aon. CAm., 1814, 91 , 5. 

’^'Vlay-Lussao, Ann. C/tm.;* 1815,‘95,1£6. 

" (tvaham, Vliil. Trans,, 1833, 123 , 253 ; AiUmbic Club Heyrinis (Clay, 1806), No. 10, 
• “ Liebig, Ani^aUn, 1838,2^, 113, 




AGIVSy -^SJES,. /m> SAXTS.- 19^' 

According to the dualiatio view of the nature of salts, it was necessarjr 
to explaiii the formation of a Iniloid salt by a process dill'erent from that 
which was assumed to accijunt fur the producLi' - o.' an amphid salt. Fo;*' 
'example, whereas iron was supposed merely to rejdaco hydrogen in hydro-' 
chloric acid, with the formation of ferrous cldoride, it was necessary to." 
suppose that in the pixxluction of ferrous sulphate from ino .aid sulphuric- 
acid, the presence of the acid 80, enablec^ the iron to cjpeomp so the water^. 
forming ferrous oxide and liberating bydrogiu), and that the oxide then ' 
united with the acid to form FeO.SOy. The two reactions, liowevor, ar 6 fc> 
similar in character, and laebig put forwa -^1 a theory of tin nature of acids'^ 
in which this sitnil.aril^y'(inds a ready expression. , . • 

According to Liebig, what had previously been regarded as hydrates of 
acids arc the real acids. The acids, in fact, are hydrogen eomtiounds, in 
which part or all of the hydi-ogen may bo replaced by metals, withtb|# 
formation of salts.^ The nature of an acid is therefore ox])ressed nyiue 
statement— 

acid - roplaceahlc hydrogen+ aci<l radicle, 

by “acid radicle” being understood the remaining constitucifts of the acid. 
For example, sulphuric acid lI.iSO, consists of replaceable hydrogen and 
acid radicle 80^. The two reactions just menlioii<!(l--namely^tbe formation 
of fjTrous chloride and feri'ous snl[)hate—are similar in character, in each caso 
liydrogen of the acid being replaced by metal. The formation of these salts 
from the ferrous oxide and the acids is likewise a ease of similar reaction*, 

• Fe0 + 2HCl=-Fe('l., + ll.,0, 

FeO + lla'SO., - Fe 8 (), +11 .,(>, 

in eacii case the reaction neing 

, oxide of metai + acid ^ salt H- wat V. 

idebig’s view is essentially tliat which is held to-day, acidsHn'd salts being ' 
regarded us strictly au ilogons. This is well boi^io out h\' the study of . 
electrolysis, which wiU be discussed in some detail later on in this chapter. 

Acids." ^Vithout attempting to define exactly wlnit is miderstood^by ap • 
acid, it may be said that an acid is a com|)Dund of hyffrogen, which in--^ 
solution is capable of exchanging part or all tlie hydi'ogeii (the “acidfc”'' 
hydrogen) it contains for a metal, with the simultaneous fuination^>f water, 
by the action of a metallic oxide or hydroxide on the solution. 

Afthough hydrogen is the essential constituent of an acid, most acids 
contain oi^gen as well.’-^ The cliief exceptions arc«tho hydraoids or com-- 
^)oundg of hydrogen with the halogens and witli cyanogen, such acids aS' 

■ __ ^ _ > • _ 

1 This view Imd henii piwiously oxju-essod by Davy, rhil. Trans., ICll, 

105 . ‘-19 ; Alembh Club Reprints (Clay, 1801), No 9, p. (53, ai«l by Dulong in 1816. 

® It frequently happens that seveial acids are known, closely related in coin'^) 0 .sitlpnJ;i 
beinj^j in fact, compounds of tho same elements, but dilfering in the amounts of exygen 
contain relatively to the otlior elements. In namifig tbese^icids a systematic method w > 
employed. The name of one acid iscliosou to i-ml in -ir, and the sufli.x -ous, and tho prefixes' 
hypO’ and per- omployc^l in themaniAr indicated in the following example:— 

HCIO , . hniM cUloroas^cid. ^ 

HClOj . . chlorona ,, 

HClOj . chloric ,, 

HUIO 4 . . perchloric* ,, 



ifltl^licic acid, SHF.SiF^ or HjSiFg, and the thio-aoids, such as thio-t!art)i)nffi| 
-a6iii, Hjff-Sj, which are analogous to oxyacids, but contain sulphnr'iu place Or; 
oxygon. ' _r ^ ^ 

An acid is said to bta mono-, di-, tri-, etc., hasic, according as its moloculo: 
contains one, two, three, ,eto., atoms ot hydrogen replaceable by metals. . 
Besides forming so-called normal salts in which metal replaces all the 
.■acidic hydrogan, polybasic acids are capable of forming salts in wliich only 
pftrt of tho hydrogen is so replaced. These intermediate derivatives are 
iCalled add salts. Since sodium and potassium salts are derived from 
acids by tho replacement of ly^drogen for nietal, atom for atom, the 
basicity of an acid is equal to tlie number of sodium or potassium salts 
tliat it forms. For example, plio.sphoric acid, HjPO,, yields three potassium 
salts, having the fo'rmulaj 


and hence is tribasic. The first two salts are acid salts, but the third is the 
. normal salt, i.e. the salt derived by the replacement of all acidic hydrogen in 
the acid by metal. 

The basicity of an acid cannot bo determined by mere inspiiction of the 
molecular formula. Hypophosphorona acid, HjPO.j, for instance, might in 
that way be Considered tribasic, whilst actually it is monobasic and yields 
Only one potassium salt lxH,jl’0,. 

Information concerning the basicities of acids may be derived from thermo- 
(diemical measuremenhs. A monobasic acid forms only one sixlium salt, and 
accordingly the heat evohed when a dilute aipieous Lolution ot one gram- 
molecule ot the acid is neutralised by a dilute solution of x gram-molecules 
of sodium hydroxide is practi(!.illy indopendent of. .r for values of x starting 
from unity aed increasing ; the hoar evolved is, hmvover, very nearly pro¬ 
portional to X for vafucs of x less than unity. This is illustrated by the 
..xiumbei's giyen in the following table:— 


Acid. 

*N(t. uf f-itini-niolcculcfi of NaOH adijod to one of acid. 



»■ 

2. 


Cals. 

Cain. 

Cals. 

IlCl, HHrorlll . 

6-85 

137 

137 

H^S . 

3-1' 

7'7 

77f 

HCN . 

1*4 

2-8 

, 2-8 

15 2 

H,POs . . 

7-7 

If,•2 ,. 

HNOj . 

’ 6-8. 

, 1x37 

13-6 


f , c ‘ . ■* 

On. the other'hand, if, in fi series of experiments, the gram-molecule of 
.eft^jwlybas'C acid in dilute solution is mixed with 1, 2, 3 ... « gram-molecules 
■of sodiufti hydroxide srrccessivdy, the quantities of heat liberated at first 
.increase, but at length become practically equal.. If the evolution of heat 
.'isjrracMcally unchanged when the number' of gram-molecules of sodiuinj 
€S>y,’.coxidc increased beyond ,»t, t^e acid is m-basio. Kxauiples are given^ 
' in the accompanying table in which (,the heat unit H the kilogram-calorie^ 
?;Ov Cal. :xn. ' 









The results obtained in this manner do not always aj;i‘eo with tho» 
derived from a study of the compositions of the metallic sails, llyflroger 
Biilphido, for example, is dibasic, but the thermocliomioal inelhod 
basicity of unity. The reason is that sodium sulphide, is hydrolysec 
almost completely in dilute aqueous solution thus— 

Na,S + + NaOH, 

and hence the4hermal change Avheu two gram-molecuh's of aiKuiiarc aauec 
to one of hydrogen sulphide differs inappreciably from that •hserved whei 
only one gram-molecule of alkali is used. 

Oxides.^ —The oxides may be divided into various classes according t< 
their chemical behaviour. 

An oxido which combines with water to form an oxyacid is called at 
anhydride or acidic oxide. For example, sulphur tnoxide is the atdiydridt 
of sulphuric acid— • 

ll./J + Sa, -H,SO., 

and hence is often called sulphuric anliy^ride. One*or twi» oxides may 1)€ 
called .^'hydrides in a certain sense, bccc ise they may be ^ditjiiued from 
oxyacids by loss of water, although they <lo not unite with water to form the 
acid. Thus nitrous oxide may be looked upon a* hyponitrous anhydride, 
since the (;hange- " 

can be realised, but not the reverse eiiange. 

Most anhydrides are oxides of non-metals or nietalloids„but th«y include 
one or two metallic oxides. Those are iiivariably the higher oxides of 
metafe, i.e. those coutdining the greatest amount of oxygen. Examples are' 
chromic afthydride CrOj and permanganic anhydride ^In^O^. ‘ 

x\ii oxide that .reacts witli an acid to produce a salt and water only iC' 
called a basic oxide. Examplee^are numi'rousf calcium oxide, C’aO, forroija'i 
oxide, FeO, ferric oxido, Fe 203 , etc.^ They are oxides of inetals (or met}vlloids)V 5 
the oxides of non-metals flot bei#ig basic. 


^ Wlien an element forms a number of oxides, inimerical prefixes aro ofien used 'Jjff 
naming the compounds in order to dislmcnish bel^ecn thefh. F<*r instance, I'bO ia 
MOJi-oxide, PbOa ia load rfi-oxide, while I’bp, is lead ^t’.sjwz-oxide (tlic atomic ratio 2 j.3 ' 
being distinguished bjf this prefix). •This method of fuimiiig names is used genemlly; thai ': 
’ InCl, luCla, and JnClj are called indium di-, ^n ohlorido resp^ively, etc. • 

® When two basic oxides of a metal are kiiAvn, the suffiltes -ovs and -ic are einpKfm 
,distinguish between th^u, tho -ic. oxide hmdug tho greater oxygep content; e.g. FeO 
'feri'otM oxide aud Fe^Oa is ferric oxide. 









An oxide wliich is neither acidic nor basic, bnt which contains more 
’.oxygen than the basic oxides of tlie metal, is nsiially called & peroxide ■, e.y.‘ 
hatium peroxide, I'aOj, manganese peroxide, llnp.^. Some peroxides—for 
Instance, barium peroxi(k)—are derivatives of hydrogen peroxide, and yield that. 
. .substance when acted upon by an acid. Others, like manganese pero.xide,. 
■behave ns oxidising agents' in the presence of acids. The term peroxide is 
sometimes nSQd in anollier sense to indicate oxides which contain a larger 
proportion of oxygen'than the typical oxides according to the pcrioiiic classi- 
' fication. On this definition manganese dioxide, MnOj, is not a peroxide, since 
the typical oxide is Mn._>0.. I’ci^snlphuric anhydride, S,,Oj, however, is a 
j,. peroxide, since the typical oxide is SO 3 . 

An oxide which is neither acidic nor basic and does not yield such oxides' 
by loss of oxygen is called a neutrai oxide. Water, H./), and tellurium 
' monoxide, 'I'eO, arc examples. Suboxldee, or oxides containing less oxygen 
*713^7. t!..' lowest basic oxides of tlie same metals, may also be included among 
the neutral oxides, e.y. lead suboxidc, Pb^O. 

Lastly, there are oxides which may be termed mixed anhydridee, c.g. 
chlorine dioxide, CIO^ or CljO,, whicli yield a mixture of acids when they 
react with watfir— 

CLO^ + H.p-lICIOj + HClO., 


and sali)ie oxMee, which are regarded as .salts; e.t/. lead sosipiio.xide, PhjOj, 

. which is looked upon ns lead plumbate, Fb.l’bOj. 

A number of oxides are both acidic and liasic, according to circiniislances. 
Tims aluminium oxide lieliaves towards liydrocldoric acid as a basic oxide, 
“forming a salt (ahmiiniiim cliloride) and water. Towar,'Is sodium hydroxide, 
however, it lieliaves as an acidic oxide, forming a substance called sodium 
aluminate, wliicli must lie regarded as a salt IVnmed by a process ijuito 
' analogous to the production of sodiuin'cliromate from sodium hydroxide and 
chromic anhydride. ,Oxides e.xlfi'iiitiiig this donlile function arc called 
amphoteric qxides, and tlioir hyjiroxides amphoteric hydroxides (riije. infra, 
p. 227). 

Hydroxides, Basep, Alkalis.—Tlie monoxides of the alkali metals 
“combine readily with water, forming solid substar tops termed alkali 
hydroxides,^ e.y. , 

K20+H„0 = 2K011. 


The moucxides of tlie alkaline eartli metals also unite readily witli water to 
form liydroxides, exj. 

CaO t Il.,0 = Ca( 0 H) 2 , 

' Hydroxides corresponding to the weakly basic oxides such as; zinc oxide and 
aluminium oxide are known^ They cannot be prepared* directly irom an*“ 
■ oxide and water, but nre obtained 'leadily by double (lecomposition ; e.y. zinc 
if hydrgxide, is precipitated wlien potassiiim hydroxide solution is 

■added to a solntiun' of zinc et\loride— ' _ , 

ZnCL + 2KOII = Zn(OH) 5 ,+2KC1. 

For reasons which cannot be entered into here, hydroxides are regarded 
.. as compwmds containing the hydroxyl ^radiclif (OH), a view which accounts 
Aame and Vlie method enyiloyed m writing their formuke. 




ACIDS); 8ASES, • AlTp SAlIre, 

The term ha&e is now usnallv employed in inorganic chemistry'tn iinan 
haste hi/droride. The Iiydraxides of the alkali metals are also l^iowh as 
alkalis. The basic character .exhihitcil by an a<i' 'mis solution of ammonia 
is attributed to the existence in the solution of. ammonium bydroxido 
(NH^lOH, in whicli the ammonium radicle (Ml^) cxliil)its tlio charaeteristicB 
of an atom of metal.^ 

The normal hydroxide corresponding with tlio oxklo 's 
or, as it is written, Mj.( 0 ]l),y. The normal hydroxides of most hasie oxides 
are known, and, by careful drying, may often bo made to yiekl liydroxidoS^ 
with a smaller water content. .Such hydroxides are sometime.s met witb as. 
minerals, e.g. ditispore, Al^O-j-HoO. The hydroxides of the acidic oxides 
constitute the oxyacifls, and it is seldom that normal liydroxides, in which 
hydroxylation is at a maximum, can be realised. Fur example, the normal 
hydroxide corresponding to is but tbc most fully hydroxylated 

hydroxide known is ortliopliosphoric acid, lljPO^, i.e. P(01f)j^ - ll./).* 

Salts. —A salt is a compound derived from an acid by the rojilacement 
of the acidic hydrogen by the motal or basic radicle sucli as (Nil,), (UOg), 
etc.; accordingly acids arc often described as “salts of hydrogen.” A genci'aF 
method of ejecting the replacement, by tlic interaction of jtn acid willi a 
basic oxide, bus already been mentioned.'^ Tlio terms normal and acfi/ salt 
have also been explained (p. 19 (i). .Substance.s known as salts may be 
loolied upon as eomponnds of normal salts with basic oxides or liydroxides, 
as salts of basic ladicles or as liydroxides in winch part of the livdroxyl has 
been replaced by an aeui radicle. Hismnlh oxyciilorule or basic bisifiuth 
chloride, for example^ may be repn'sented as Hit T, l{i., 0 ,( or BtO.t.'!, accord-' 
ing to the view adopted, and basic lead chloride as Hbt'l,,. ld)(OH2) or 
P 1 >( 0 H)CI. There l.s litUe doubt that mayy “basic salts” described in 
the literature are simply*mixttires. 

The salts of the liydracids must be car(;fully distiiiguislicd Trom the com- 
ponnds of non-iiK'tals with the halogens, cyanogen, (Sc. Tiie latter are licit 
salts; Luey cannot he formed from basic (iddesand the reiji’islto acids, and' 
they exhibit none of the chai'aotoristics of the salts of tlu^ hydnu ids. Thua 
they are decomposed by water (hydrolysed), the chalige being uri^vorsible, e.g. 

# 

they are easily volatile, frecjuently being liipiids at ordinary temjieraturea, 
concentrated sulphuric acid (Joes not affect them, and they ye roadijy solubhi’ 
in such .solvents as ether, chloroform, benzene, etc. I’lte halogen compounds 
of th« metalloids approach thcsi' compounds in some of their projierties; biit 
each metcriloid forms at least one oxide jiossessing basic properties, and con-^ 
^soquently yiplds halogen com])ouiuls whicli may bo Tormed by the ordinaiy 


^ vSpo this series, Vol. II. • - 

^ Tho name ortAo-aoid is ^jilied iy ___ v.ie most fully Xydroxylatfid edd^niown 

that corresponds to a particular anhydride. A.i f nd, the nioiecmle of which may' td 
regarded us derived fjom tlie luolcoiilo ef un urtho acid by Hie loss of a wlioln iitimber o^ 
molecules of w’ater is called a m 6 ta-o.a (\; e.g. HPO,, i.e, (II3PO4 - ILO), h termed metftphi^' 

S horic acid. The tenn/ii/ro-acid denotes an acid.*the niefccule of which isTegarded a*' 
erived in a similar fashion from two molecules of ortho-acid; e.g. 1141^07, i.e. (2H3PO4 - 
is called pyrophosphoilc ocid. * * , . 

^ A salt is sai^ to correspond to or to be aeriva! the basic oxislc from whftliitjTig^ 
bo thus obtained ; and the terminations •ons Aid •* whiclt are applied to Hie nam8!^tS« 
basic oxides are also iwcd in naming salt^ Tints Lite chloride cpnespoiiding to fcrnittr 
oxide is called forrm chloride, that deiivcd from fetrtc oxide is called ferriV chhiridfl «*/» * 



--- r 7.'-'--- v .^. 

^^Cth<xi> fof obtaining salts, namely, from the basic oxide and acids, .ovoiti: 
i^fthbugli the salts thus formed uro decomposed by water. In short, the_ 
^rfeaction8 between the oxides and acids a»'e rCvc(sii)lc.^ 

Hydrates. —Many* •icids, bases, avd salts enter into combination with 
water, forming crystalline solid substances known as hydrates, the composi- 
vvtions of which are in conformity with the ordinary laws of chemical conibina* 
7^.i6n. For ex imple,^when zinc sulphate is obtained from an aqueous solution 
at the ordinary temperature, by evaporation of the solvent, it separates as 
^^tbe heptahydrato ZnSO^.TH.jO. In general, the composition of a hydrate 
- is such that it may be represepted as x molecules of acid, base or salt, 
•associated with y molecules of water. Hydrates Qften lose water very 
readily wdien heated, leaving behind citlicr the anhydrous substance or a 
lower hydrate, i.e. one containing less w’ater; these changes are reversible. 

is customary to sj)eak of liy(lrates as containing “water of crystallisa-, 
tiob^'" edthough, since many crystalline substances do not contjiin any such 
water, the expression is misleading: the zinc sulphate is said to contain 
.seven molecules of water of crystallisation.” 

Double Salts and Complex Salts.— Many instances arc known of 
combination between salts, two and sometimes three single salts uniting 
. together in simple molecular ratios to produce a substance which, in the solid 
State, possess'os physical properties quite distinct fr^m those of the single 
sails. These substances frequently contain water of crystallisation. For 
example, tlm substance SNIT^ClZnCl^ can bo crystallised out from a 
solution containing zinc chloride and ammonium chloride, and the substance 
* FeS0^.(Nn^).,S04.6IL0 from a solution containing ^srrous sulphate and 
V ammonium sulphate. 

In aqueous solution many 0.“'tlicse substances bqhavo in the manner that 
■would be expected of a mere mixtureof the constituent simple salt.s, and they 
are accordingly called double or tHple salts as the case may be. Examples 
are known of double ‘salts derived from two different salts of the sa!n,e acid ; 
t.g. K.^S04.Al.AS0,,)a.24Il20, from two dilferont salts of the same metal; e.y. 
'*Hg(N03).^.2HgS, and from two different salts -af two different acids; 

e,g. kainite, MgS04.KCl'^H20. Of those types the first is hy far the most 
■ frequently observed. 

The formation of a double,,salt from two single salts is a reveT*siblo process. 

-■ When the two salts iiave a common ion, the systems formed from the double 
'iSftlt, single salts and water are thrce-componcnt systems. The assemblage 
' of the four phases mentioned constitutes a miivariant system, and hence, to 
-any particular pressure there corresponds only one temperature, the iranu- 
: 'Hotvgyoint, at which ermilibrium is possible. For example, at aomosphoric 
,.-J>re68ure, copper calcium acetate decomposes at 75 * into the singj.c salts. , 

Ca(CJIa0,)ff.Cu(C,k,0.,),?8U,,0 = Oa(C.,H,0,-\,.H./) 

4 -Cu(o:ii 3 (y,.H.o + 6HjO. 

.'jibove'75* tho double salt does'not permanently exh^t, but breaks up into the 
>^irigle salts; the reverse holds below that temperature. It will be noticed 
:V'tbat the water of crystallisation of the double salt is greater than that of the 


further dist^Micuished from nietals by the property of forming 
^ voiwle bydriiiefl; the few metallic hyarifl'iss known are not volatile. 

.1' - ^ for the applicttti}!! of the Phase Rule to the study of hydrates the reader la referred 
the works cited on p. 177. ' 







!togle'&afts. The reverse is the case with astracanite, MgSO^.NanSO^l'^H^S.i! 
fc>rmed in accordance with the equation 

MgSO^.TJ^O + Na^tiO^.lOlI^O-MgSO^.Ni _ 50 ,. 4 H 20 + i 3 IU), . 

and consequently the double salt is stablo above tho transition-point, in tftis. 
3ase 22*, and not below it. , 1; 

Tlie tliermal changes accompanying such transitions arc due mainly tOl 
hydration or dehydration, and tiiosc processes aro. attended with evolutioA., 
iftd absorption of heat respectively. It is tliercfore not dilHcult to sec that^ 
the directions of the cliangos in the exanjples given are u) accordance with,. 
Ld Chatelicr’s Thoorm.^ 

In distinction to tno double salts properly so called, there exist aubsla'ncer , 
which maybe formnlatod as double salts and which can usually be produced 
by tho union of two single salts, but which in aqueous solution differ,' 
remarkably from tlic original salts. The conqwund 2 NaCl.PtCif*i?' 4 n 
3xamplo. From tho properties of chlorides it would be expected that dx' 
molecular pioj)ortion.s of silver nitrate would be necessary to react with one^ 
)f the compound; but only two are reejuired. The precipitate, however, is. 
not silver clilondo, but has the formula 2AgCI.PtCl4. *^l'he “ double 
chloride” musit, in fact, bo looked upon as the sodium salt Nao[PtClj,] of a 
complex acid rT^[PtC\], the precipitate obtained with silver^nitrate being 
lho*corresponding silver salt Ag.^[Ptr)g]. Tlio acid radicle of these salts 
is [I'tClj], • ; 

Examj)k's of complex salts are vmy numerous. The ferrocyanidc8*and' 
cobalticyajjidcs, for e^amy)k‘, are salts of the complex acids, ll4[ke(CN)Q] and^ 
H.,[Co(Ci\),i], and not merely double (yanides. Accordingly, they do not give, 
the reactions usu.dh associated with iron and cobalt salts respectively (y^flr 
infra, ** 


^ ELEOTnoIASlS. 

Introductory. Nomenclature and Faraday’s Laws!— The various^* 

substances through wlT-h an electric current can be passed may be divided, 
into two groups. The passage of electricity through a member of the first! * 
group is not accom'panied by any chemical change ; the metals belong to 
grouj). Members of the second group, however,vSu(Terchomii;aIdccom])ositioii^ 
when the current is passed through them. Such sukstatices are 
electroh/tes, and tho process of decomposition is called elrctr>lysis. • 

Electrolytes comprise fused salts and solutions of acid.s, bases, and Balts'; 
in v^ij*ious solvents.- Tho following brief account^ (*f the subj<‘ct of elec:^;' 
trolysis dtals only with aqueous solutions, except^wliere the contrary iff." 
,expressly stated. It should bo menlioucd that pure water itself can scarcely'^ 
be called an electrolyte,* its conductivityp. 227 ) being 
ingly small. ' * • ' 4 -^ 

' , As a typical example of tl^ process of electrolysis,/.lie deccmp:^iiiOD ^ “ 
dilute sulphuric acid mry bo described. When two platinum plat^is, 00^"? 


• For tho further discussion of double salts, vide the wJrks cited on j>. l/ 7 , and MlMt 

Freund, Soience Progress, 1907 , 5, 136 . ■ '"i^ 

- Itisacommon ptactice to consider thi^ the term “ salt” includes the ideas of “acdd’Vc 

and “base,”in i#hich case “ electrolyte” and “salt’’becomeaynonynsous. * ,^ 2 ^ 

* The reader is n ferred to tho following wodcs for mrthefinformation : Lsfcfeldt,tf 5 ciiy«i^ 
' chfiinistrii (Longmans &Co., 1904 ); Leblaift, hledrochcmislry, troijslated by Whitney aniiv^ 
• ^rown (Macmillan & Co., 1907 ); Whethani, Tl^eory of SolfUion (Camb. Univ. IVess, iWiSt^.; 




*iii^cted fey wiroB to the terminals of a battery or otlier so\iroe of tho eloctrio^ 
.cu^nt,,are immersed in tho dilute acid, it is noticed that bnb’bles of gas'', 
appear at tho platinum aurfaoos. The gas libe^ited at the surface of the ‘ 
■plate at the higher patpntial is found, to be oxygen; that evolved at the ■ 
other plate proves to be jiydrogen; and if the current continues to flow 
for some time aud precautions arc taken to prevent mixing in tlie solu- 
^tion, it is hyind tl\at round the higher potential plate the concentration 
of sulphuric acid increases, while i*ound the other plate a diminution in 
^concentmtion occurs. 

When a dilute solution of ^pper sulphate is similarly electrolysed, 
iinetallic copper is deposited upon tho platinum plate at thef lower potential, 
while oxygen is evolv(;d at the other plate, around which sulplniric acid is 
formed. Ultimately, all the copper becomes deposited, and a dihrto solution 
of sulphuric acid remains which yields hydrogen and oxygen as previously 
' de^Tivl rd. 

Each of the preceding arrangements constitutes an eJectroJylic cell. The 
^plates which serve to convoy the current into and out of the liquid are termed 
electrodeii ; the one at the higher potential, i.e. that by which current enters, 
is called the 'anode, the other being known as the cathode. These terms are 
due to Faraday,^ who was the first to nmke an exhaustive study of tiiis 
subject. Fai^day’s idea of the mechanism of electrolysis di<l not diller 
greatly from that proposed in 180G hydrotthus; the substance undergoing 
decomposition was suppos(‘d to he divided into two parts, v.hicli travelled in 
opposite directions towards the electrodes. The “ bodies that go to the 
electrodes” l‘'araday colled ions-, tlu; ration travels to ty,o cathode, the anion 
to the anode. 

Davy showed that there is,no accumulation of electricity in any part of ’ 
a voltaic circuit, but that a uniform flow exists tlirougliout. The quantita¬ 
tive laws of electrochemical decopqHisition were discovered by Faraday - and 
are as follows: (i.) th& amount of decomjmsition of a <jiven electrolyte is pro- ^ 
portional td ihe quantity of elMricity which flows thronyh it, (ue 

^OKintitics of diferent snhstances liherated try the same quantify of electricity 
are in the ratios of their Chemical equivalents. 

The electrochemical equivalent of a substance i.s defined *a8 tlie mass of the 
.'substance liherated by one coulomb of electricity (one ampere flowing for one 
second). Faraday^S Laws may theveforc be ro-statod tlius: the amount of 
a substajjee liherated is equal to the product of its ele(;troc!iemical equivalent 
and the number of coulombs passed, and the electroclicrnical equivalents of 
substances are proportional to tiieir chemical equivalents. i. 

Careful experiments have shown that Faraday’s Laws are ecact. For 
/example, the cheinicarcquivalcnt of silver is 107 88, and tlwxt pf copper * is^ 
$1‘790; their ratio is 1 :0‘J?0'168. The electro-chbmical equivalents arc in 
'the ratio of 1-1175 Vo 0*32929,^ \.e. of 1 to 0‘29'107. Tlie laws, moreover, 

* Fapiday, Expert-rnenhd Iiesearchf,s in Electricity, ]839, gol. i, p. 195. 

* Faraday, opus cit., vol. i., Seventli Series of RcseiU'clies. 

*' * Mean^of results from (i.) composition of cupiic bromide ; (ii.) compoailion of cVipric 

oxide; ana (lii.) replacement of silver in silver nitrate by copper, Richards, Proc. Amer. 
AM., 1891, 26 , 240; Clarke, A Recalcidation of the Atomic IVevjhls (Smithsonian 
Collections), 3rd edition, 1910. , ^ 

jj* ^LPichards and Ileimrod, Proc. Apwr. Acad., 1902, 37 , 41.5. See also Gallo {Oazzetta, 

. IPOoTS^, ii.<il 6 }; Kreider (Amer. J. Set., 1905, [iv.], 20 , 1); Washburn and Bates 
(J. Amer. Chem. ^iW.,,1912, 3 ^, 1341, 1515) ;4nd Bates and Vinal'O'tjVf., 1914, 36 , 916), on 
the ratio Of the electrochoniicul rquivalcnts of iodine and silver. 
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'Jftpplytb thd electroljsifi of fused salts and Riehar^s and Stull found iio 
^-difference batween the electrochcinionl equivalents of silver when deposited' 
’ froni an arpieoiis Koi\itio)i of the nitrate, and (ii ^ from a solntio/i of the 
-nitrate in a mixture of fusec^sodiniu and potassiuiu ni^’’atc 8 .^ Solvents othe^ 
than water have also been employed, pyridine and acetone, and the 
electrochemical equivalents found (o be identical with thos«' obtained when 
water is the solvent.^ 

From iho many careful determinations of the ele<'tro(?hemical equivalent 
of silver that have been made,*’ it ai)pears that the value camiot differ 
appreciably from 1'118 mgms. per coulomb. Hence, l)»e ^ram-equivalent of 
silver is liberated by the passa^^e of 107 88 / 1 ^ 0011 IS ^.9(1,000 coulombs; and 
by Faraday’s Law thiS quantity of eloctncity, liiiown as a “faraday,”“wijl, 
liberate the gram-equivalent of any otluir substane tliat the current iS ' 
capable of separating. 

The- nature of the products obtained by electrolytic dccompositioi^-StfCS 
little (Iou])t as to what the ions must be. In the ease of a salt solution, the 
cation is a metal, and the anion an acid radicle, cy. the ions of copper 
sulphate are copper and the sulphate radicle (80^). The cation of an ‘ 
ammonium salt is tljcannnoniuin radicle (NIT,): that of all acids is liydrogen, 
the anions bein^ acid radicles. In tiio case of bases tlie cations are metals, 
while the anion is the hydroxy] radicle (OH) : e.a the ions of sodium hydroxide 
are m)diuin and hydroxyl. * 

The ability to,function as cation.s is characteristic of metals^ tlie non- 
metals form anions, cither as such, or in coinhination with otlier non-mctftls, 
forming a compound ion or a(‘id radicle. A metal may, however, fonn part 
of an anion, c.y. the adion of potassium ])ennangai]ato is tlio MnO., ladiclep 
further, tlie cation of ammonium salts is an example of a cation cotnposed 
of non-metals. • • * 

'lo account for the quantitative phenomena of electrolysis it is necessary 
.to suppose that the motion of the ions ilinmgii the elv:trolyic is associated 
witli tho motion of electricity. The gram'eq'-<ivalcnt of each iyn*is regarded 
as conveying one faraday of olts^ricity to llie olcotiode towards which it 
moves, (n accordance wdth the laws of elcctrostutics, cations must carry a 
positive, and anitc-s a negative cliarge; wlience the metals and non-metals 
arc known as eleciroinmtlve ani clcdrowijattve elements respectively. When . 
the ions reacii the electrodes, they give up tfieir elect ric** ciuuges; what 
happens Bub.sequently depends upon tiie chemical nature of the ions, the 
electrodes, and the solvent. The ion, deprivoil of its charge, fnay beTibc'ratcd 
in the^freo state, e.y. hydrogen and copper at Hie ealhode in the examples 

' Lorenz,Veife/’/i. JClcHrockcin., 1900, 7 , 277 ; 1901, 8 , 7r.8 ;*Hichanls and Stull, Proc. 
wither. Acad., 1<002, 38 , 409. 

“ It has also been shown tiiat tlio Lhcti'ocdieniic!^ e(]uiv«ilp.nt of silver is independent o^‘ 
tlie pressure from 1 to 1500 amiosjdien *(t;»dion, ZeU^ch. EJehro'-him., 1913, ig, 132), 

2 Kahlenberg, J. I.'.ysical 1900, 4 , 349 ; Skinner, L’nf. yisttoc. Eeporf; i901_ ' . 

Rayleigh andSidgwiek, J'hil. Tr%iis., 1884, 175 , 411 ; F. aridSV. KolilrausclT, 
Annalcn, 1886, 27 , 1; raUer: 5 on nnd fruthe, Phys. mricto^ ^898,7, 257; Kahlc; Wied,' 
Aniiftlen, 1899, 6% 1 ; Richards, (’olhns, and Houiirod, Ptoc. Amn. Ac/id., 1899, 35 , 128 
Richards and Heimrod, ibid., 1902, 37 , 415; Kicltauls, 1908, 44 , 91 ; Gutlie, Pkys^ \ 
Jieview, 1904, 19 , 138; Van I)ijk and Kuiist, Atm. Phyatk, 1904, 14 . 569 ; Van 

1906, 19 , 249; Smith, Mather, and Ifjwry, Phil. Trant., 1908, A, 207 , 645 ; Laportb and 
de la Gorco, Bidl.^oe. internal Ekdricienafl^Xt), 10 , ii. 157 ; JaegerAiid von St«inweikr .• 
ZeiUch. InstnaneMenkimde, 1908, 28 , 327, 35;^; Ito^fe, Vii»l, and ilHDaniti 

Bureau of Standards, 19J1, 8 , 367 : Dusclial^ and Hnlett, TVans. Amer. Ekefroediem. Soe:, 

1907, 12 , 267 ; Foerster and Ki.scnreich, Zeifseh. phyaikal. Cjicm., 1911, 76 , 043. ; 
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^he-imi-uiiivalent, uni-bivalent, and bi-bivalent salts respectively.'* With -' 
substances, such as ammonia, wliicli in aqueous solution Iiave very small 
equivalent conductivities the intiuenco of concentration is enormous, and the 
.data, even for very dilu'Cc solutions, do not indicate tliat a limiting value is 
being approached; from indirect evidence, however, this is assumed to be 
the case. 

Koldrausc^i observed that tlie limititig values of the equivalent con¬ 
ductivities of electrolytes could be represented in each case as the sum of 
<two independent qufuitities, one depending solely on the anion, the other on 
the cation; these parts arc callv^i ionic conductiviiicsf. The values fur a 
• number of ions are given in llie accompanying table; t*'.e diflcrcnces between 
the two series of values for 18° and 25° give an idea of the vale at which the 
conductivity of an electrolyte changes will) temperature.^ 

TABLE OF IONIC CONDUCTIVITIES. 


Ion. 

18°. 

25°. 

Ion. 

18°. 

25". 

loti. 

I. 

25". 

Cs- . 

GS'O 


ir 

314-5 


r. 



76-5 

Tl- . 

^ Jf. 9 

7(>-U 

Bb- . 

60 S 

71-n 



♦>5 5 

75'8 

Nn; . 

CJ 7 


l*.a- . 

* 5;. 4 

6.V2 

xo; . 


61 8 

7"-<? 

K‘ 

t)4 0 

74-8 

t’a" 

.51 -9 

lO'O 

Bin; . 


47-6 

51-8 

Ag'<, . 

54 0 

63 -4 


16 !) 

55 0 

S. 1," , 


68 5 

80-0 

Na- 

43-4 

,51 -2 

Cu" 

15'9 


F. 


95-0 

llO'S 


The preceding regularity, known as Kohlramdi^i Law^ is assumed to liold 
good in all eases. On this assuuqition it is easy to deduce indirectly the 
values of X^^ for such substances'as ammonium hydroxide; e.<j. in the case 
mentioned, the r^uired limiting value is the sum of the ionic conductivities 
of the ammonitiin and hydroxyl ions, and those can be obtained from data 
supplied by other salts for winch X^ may bo directly.delermiued. 

Migration of Ions; Transport Numbers.— In,accordance with the 
view already explained, electrolysis is considered as a process resembling 
convection, a constant strej\,u), of cations moving with tho current and carry¬ 
ing positive electricity to the cathode, and a stream of anions conveying 
iSfegativo electricity in the o])posite direction. In tho interior of an electrolyte, 
thorefore, the total current is the sum of two currents which may be termed 
the cationic and anionic currents respectively. Although the cations'and 
anions are discharg(*d at tho electrodes in tho ratios of their chemickl equiva¬ 
lents, it does not necessarily follow that the cationic and anionic ^urrent|3 are 
’.'equal; their relative mairnitujes depend upon tliu speeds of the cations and 
\anions, which in general are not equal. 

, The <**tlative speeds of the ions in a given ''.olutioYi may he determined by 
■,-passingva measured quantity of 'electricity through ^ho solution and estimat- 
’ mg the cKwgcs in concentration in the portions of tlie solution immediately 

. y ^ k uni'UnivaU)d salt yields two univalcut loas, t^g. NaCl yields Na‘and Cl'; &iini- 
ibivaJetU salt yields two univalent ions and a l ivalont ion, e.g. Na«S 04 *yield 8 2 Na' and 
BaCb yields Ba” aqd 2 C'; tL bi-bivakiil salt yields two biValent ions, c,g. 
■'JjuSO^ yields Cu” and SO/, etc. ^ ^ 

For values at tcmiwiatures between 0“ C. aud 15(1° C. see Jolmstb'u, J. Amcr, Chtm. Soc.t .* 
31 * 1010 . 

% 
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.Btirroundinji: the electrodes. The first measurements of’this kind wore made 
•by HittoriV who correctly interpreted them as indicating tii:it,itho ions 
moved with difi'crcnt spccdsi Fur details of the expcrinienta! methods, 
which liavc to be adapted lo suit parti(!ular (*ascs. iv.’rercnce must bo made 
to otlior works.- Tim relative speeds of the anion ;uid cation am proportional 
to the cliauges of concentration around the cathode and ati.»de respectively, 
provided iliat care is taken to prevent meclianical mi'iug, tiiat the 
e.\pei imefit is not prolonged for a sntheient length of tune to lead to a change 
of concentration in the middle portion of tlie solution. 

The results of migration experiments ur<j expressed by means of transport 
or truiis/ercnre numbers. For the ions of a given tdectrolyle tbesii nunibers 
arc such that (i.) they are iiroportional to the relative sjiceds of the ions, and 
(ii.) their sum is unity. They therefore represiait the cationic and aiiionie 
currents as fractious of the total current. The transport numlxus for the 
ions of a uni univalent electrolyte are, in dilute solutions, practicaifj^ inde¬ 
pendent of the eoncentration, and the same is true for uni bivalent electro- 
lytes, with tiie oximption of the halides and sulphates of llie bivalent metals, 
f<jr which the cation transport number steadily increases with the dilution. 
With rise of temperature, transport numbers above 0*5 decrease, and those 
below 0-5 increase, so that the difiereiice between the speeds of the ions ol 
an electrolyte diminishes with rise of temperaturi'.^ w 

4s has been remarked already, since an electrolyte obeys Olim’s Law, il 
follows that the r»peed of an ion is proportional to the [lotential gradient 
The speeds U and V of the cation and anion under unit jiotential gradieni 
(one volt ])er cm.) are called the mxihUifies of the ions, and, on the convoctivi 
view of electrolysis, it may bo shown that 

k = 9G,500>;^U + V^, 

in which k and ry arc measured in the units, already stated, and U and V In 
•cnas. per secimd. Now, the transport numbers are j^rofiortional to 11 and V; 
hence, combining them with measurements of k and i/, it’is jiossiblo to 
calculate the mobilities oj the ions. 

The ionic mobilities ibus deduced am very smrrll, amoiiiting to only a 
few centimetres pet hour, and they are found to increase witli the dilution, 
approaching, however, toward;? limiting values. „T|ns will b'i.at once evident 
from what has been sUitcd already eoncernuig the variation of h/>;, the 
equivalent conductivity, with the dilution. Moreover, the limiting^’alue for 
the ionic mobility of, say, the chlorine ion, is found to be the same for all 
slectr^lytes in which chlorine is the anion, i.c, it is independent of the nature 
of the catkui. This is only another way of expressjiig Kohlrausch’s Law, 
which is thus seen to be in uecordauce with the convective view of electro¬ 
lysis, 'provided tliat the 'ions arc supposc^d to ^lossess complete migratory 
independence. * 

The pi'eccding eipiatio/i, for (v^tremoly dilute solution, Jfecome.< 

Aoo=(-) =9ti,500(lI„+V^), 

V ly /T-0 ^ i 


^ Hiltoif, Fo<jg.^Aiflialm, ^ 9 , 98 , 1; im, 103 , 1, I85y, ^ 06 , 8§7>- 

513 ; Ostwald’s Kifissiktr, Noa. 21 ami 2y. , ^ 

^ if.p'. tlic woiks mentioned Oil pp. 201 and ** . 

^ For a collection of tAe availablo data oif tiaubpiut niiiiilK-i.s, and a critical discu^ioil. 
^ tUo B&tBe, vids Noyes and Falk, J. Anur. Vfuni^ Soc,, Idlli, 33 , 1436. 



i'&Dhlrausch^s ionic conductivities are therefore 96,500 aM 96,1500 
'in order io express the conductivity of a solution of finite concofltratiori iri; 
^rms of and , the equation must he wi^tten 

‘ “'■ K = 96.500,;y(TJ^-hV«X 


in which y is a proper fraclmn, which varies with t }; its significance will be 
discussed late;;. 

It remains to b6 mentioned that ionic mobilities have been ‘‘ineasured 
^directly by various experimenters, with results in good agreement with those 
, calculated by the method outlined above; owing to lack of space, however, 
'^he reader must be referred to *other works or the original memoirs for 
-.details of the methods.^ 


^ The Theory ov Dilute So]>u’eions. 

In 1885 Van’t Hoff^ pointed out tliat a remarkable analogy existed 
between dilute solutions exerting osmotic pressure (p. 121 ) on the one band, 
and gases under ordinary pressures on the otlier. lie arrived at his results 
by thermodynfirtiic reasoning, the conception of a somi-pornieable membrane 
(p. 123) rendering it easy to apply the second law of thermodynamics to the 
investigation pf the properties of solutions. 

In the case of a diluie solution of a prrjWf gas in d solvent, the solubjiity 
conforming to Ifenry^s Law (p. 101), tlie following rema^’kablc result was 
dedficed;— 

The osmotic pressure exerted hy the suhstam-e in solution is equal to the 
pressure that the s^chstance would exert if it existed in the yaseous slate at 
the temperature of the solulio’q-^ and occupied a volume,equal to that of the 
solution. ^ *' 

Accordingly, at constant temperature the osmotic pressure of the solution 
is proportional to the •concentration; at constant conconlratiuu the osmotic, 
pressure is'proportional to thoUbsoluLo temperature; and, if 1‘, T; and V 
denote the osmotic pressure, absolute tomporature and volume of solution 
containing one g^^m-molioule of solute, then 

PV = RT, 

;whcre R is the ordinary gas constant (p. 27). 

Van\Hoft‘’H deduction amounts to an extension of Avogadro’s Hypothesis 
to dilute solutions, and may be put in the form that equal volumes of all 
solutions whicli, at the same temperature, exert e<jual osmotic^ pres¬ 
sure, contain equal numbers of molecules of solute; this number^ moreover, 
being the same as the number of molecules conUined in an pqual volume of- 
perfect gas at the same tcpiperature and under a pressure equM to that of 
the osmotic pressure'of the solutions. * , 

f . Thq preceding generalisation, thcoretjcally deduced for dilute solutions 
^ol per^pet gases, \^as assumed % Van’t Hoff to hold goo(? for diluie soluttons 
all solutes, Pfeffer’s measurements of osmotic pressures (p. 124) supplied 
: valuable confirmation of /ins assumption, hut were not very numerous. 

“ ^ Vide the works cited on p. 204, and Whetham, Vuil. Trans., 1093,^, 184 , 337 ; 1806, ’ 

Arifi®,b07 ; Massoft, Hid., 1899, A. 192 , 83f; Steele, ibid., 1902, A, 108 ,.106 ; cf. Lewis, 

■ Jmr. Chs.n. Soc., 1910, 32 , 862. % 

^ 8 Van’t Hoff, K. ^veitska. Vet.-Akad. 1885, 21 , Zi •, tUciisch. physikal. CherUfy}, 

X, 481; mi Mag., 1888, [v.], 26 , ,81. ' ' 



"f' means of the laws of thermodynamics it is possible to connect the 
-osmotic pressure of a solution with its vapour pressure^ and freezi;«g'point; 
, hence the accuracy of Van’J ptotf’s views may be test "id from rnoHsiiremente 
of vapour pressures and freezing-points, which arc i .'a ii less ditbcult to doter* 
mine experimentally. This course was adopted by VniiT HofI', who showed 
that if his theory were correct, then all the laws relating to the lowering of 
the vapour pressure (p. 114) followed as a ncccssarv conseijiieik'*, Moreover, 
he proved that Kaoult’s “molecular depression of the freezing-point.” o4 a 
solvent^ should be equal to 0 02T'YL, T being tlio absolute tempejature of 
freezing, and L the latent heat of fusion ^)f the solvent in caloriovS. The 
following results supplied the experimental confirmation of this deduetioi^:— 


Solvent. 

T. 

1.. 

■02 

Haoult.V 

Molecular 

Water. 

273-0 

. 

70 

IS-9 

Depifi'-sionr' 

18 *.0 

Acetic acid .... 

280 7 

iZ’2 

:38 8 

38 6 

Formic acid .... 

281 -5 

56-6 

‘28 4 

•27-7 

Benzene . ... 

277 0 

29 *1 

03 

Ml 

Nitrobonseno .... 

278-:3 

22-3 

60 f) 

70*7 

Ethylene dibromide. 

280-0 

12*94 

122 

1J7-9 


Van’t Holl’s theory is tliercfore seen to hold good for dilute .solutions, 
and Kaoult’s Laws receive a theoretical interpretation.*' 

It is desirable to explain more fully wLat the term “dilute” really 
signifies. A dilute solution, to which Van’t llolFs theory is strictly a}>plicablc, 
must be such that its'‘voliyne does not difier ap^^rcciably from the volume of 
the solvent contained in it, and the hcab-of dilution must be qil. In ma^ry 
solutions to which the term “dilute” is usually applied, e.g. tenthnormal 
•solutions, those conditions are by no means fulfilled; in particuliy, the heat 
of dilution is frequently appreciable, and molecular weight determinations 
made with such solutions may therefore be considerably in error when 
deduced by tlie usual fonmihe given in Chap. IV,^ • 

A complete thediy that will include concentrated as well as dilute solu¬ 
tions within it^ scope still remains to be formnlaf^c^ Attempts towards the 
solution of this problem have, however, been made by introducing tlio con¬ 
ception of an “ideal solution.” The general cliaracteristics of such n^soliition' 
are: (i.) the number of different kinds of molecules present is equal to the 


1 For tho*exact couiiectioti, wo bciki'lcy and lluvtlfy, P>'<k Hoi/. lUOti, A, 77» 

; Phil. Trans. „ 1906, A, 206, 481 ; 190S, A, 209, 177 ; Spefis, Proc. Hoy. >Soc., 1906, 
A, 77, ^34 ; Potter, Proc. AVi/^aVoc., 1907, A, 79, 619 ; 1908, A, 80, 467 ; Calleiidar, PrO» 
R^. Soe.,im, A,Zo, AC>ij. ' , • • , 

> ^ The depression produced by ouo gram-molecule of solute in one Inmdnd grams of 

! solvent, sec p. 122. • * *,*«.*.- 

' ' **rran8lalions of VanV. llofT’ji and Kaoult’s jiapen, yill be found iit llarjvrs Sc^ntiJU 
\< Usinoirs, 1899, No. 4. , . , 

:> * Uor example, the molecular weight of sodium in rneicury solution was lound Ry vapour^' 

0 measurements (Uamsay, Trans. Chem. Soc ., 1^89, 55> ke 10 5 in a solution 


Containing 1 grain atom of sodium to 36'8 gram-moleciilos of m'fcury; tho concctiiJit 
> necessary, owing to the Act that the lifat of dilulion of the solution is far from negligible, 
about 6-2 (Bancroft, J. Physical (Jkm., 1*06, 10, 319), whence tin»convcted w 

showing that sdium in dilute solution mercury » monatomic. The demtiou 
' found by Ramsay may explained on tlia as.suniptlon that the, combination occurs 
^'-between the sodium and mercury. 

fckoL. I. U 
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number of constituents of tlio solution; (ii.) the physical properties of the-, 
eolution^arc connected witli the physical properties of its constituinta in the 
pure state by the equation— , 

X = x-N+a;'N' + x"N"+ ... 

in which X is the moleciilar property in <[uostion {e.g. molecular volume, 
molecular refraction, cte.), x (x, x" . . .) the molecular property of a con¬ 
stituent in tfio pure? slate, and N (N', N". . . ) its mol fraction;^ afid (iii) the 
partial vapour pressure p of a constituent having a mol fraction N is given by 

Pq being the vapour pressure of the pure substance in 'dm liquid state at the 
, same temperatuva. Quite a number of solutions are known, tiic physical 
properties of which, over a considerable range of concentration, agree well 
wilfl*»4(/iose deduced from the conception of an ideal solution.^ 

An “ideal” solution, to which the preceding characteristics apply, must 
be an extremely simple kind of solution, in which solvent and solute mix 
without change of volume or liberation of heat to produce a solution in which 
the components are present in their normal molecular state, association, 
dissociation, or combination not having occurred. The e.Ytent, then, to 
which the properties of a solution deviate from those of the “ ideal” solution 
may be expected to throw considerable light on the 'nature of the processes 
operative in solution ; and from this point of view strong evidence has already 
been foiThcoming of combination between solute and solvent in numerous 
instances with the prodiudioii of “hydrates” or “solvates” in solutirn.^ 

lleturning to the consideration of dilute solutions. It should be noted that 
the solutes with which Raoult worked were mainly gj’ganic substa\:ces, as 
also were his solvents. Occasionally a solute war hnet with which e hibited 
a “molecular depression” only about one half the normal value. A simple 
explanation of this iscto assume that the molecules of the solutii are largely, 
associatedpairs in the solution, and tljat each “complex” produces the 
effect of a single molecule. With aqueous solutions, although a large number 
of solutes exhibited thcraioleciilar depression IH’5, even more gave a depres- 
gign of about twice this figure. At first sight it would‘su'‘iu that the higher 
figure was the normal depression and tlia^ the solutes, mainly organic 
substances, giving a dopivsiion of 18-b, are abnormal, being'‘associated” in 
aqueous solution; but the value 18'5 is the normal figure calculated from 
Van’t flofi’s equation, and it is therefore the higher figure that needs an 
explanation. As has been already mentioned, this was supplied by Arrhenius'* 
shortly after the publication of Van’t Hoff’s theory. He pointed out that 
the abnormal solutes are mainly salts, inorganic acids and bases, a<iueous 
aiolutions of which, in contnidistinction to the solutions of normal substanccii, 
are conductors of el«ctrieity; and he suggested that in acjueous solution the 
moleculesacids, bases, and salts arc largely “dissociated.” The Theory of 
Electrolytic Dissociation, proposed by Arrhenius, will now be discussed. ‘ 

* Tlic'mul fraction of a constituent is equal to l/iith of the number of inolociiles'^of the 
oonstituont present in n inol'eculcs oftlie solution. 

' * See van Laar, Zcitsch, physikaL Chem., 1894, 15 , 457 ; Lewis, J. Amcr. Chem. Soc.^ 
1908, 30 , 668 ; Washburn, ihn/., 1910, 32 , 653. " 

e.y. Wiiibburn, Technology Quarterly, 1908, 21 , 360, ov rJuhrh RaiHoaktiv. 

5 , 501; Cullendar, Pm. Hoy. ,SV'., 1908, A, 80 , 466 ; Zcitsch. physikal. 
Ckcm., 1908, 63 , 641 ; und also the section <?n hydration that oc«irs later in this chapter. 

' Arrhenius, Zeiisch. physical. Chem., 1887, I, 631. 
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ACIDS, BASES,.AND SALTS. 

Tub Theory of Electhoia’tfc Dissociation. 

Introductory. —From tbo fact that (with non polaiisaMo electrodes) 
)hm’8 Law holds good in tNe case of electrolytes w’'!^*ever the magnitude of. 
;he electromotive force applied, a very importuiit result follows: in the 
uterior of an electrolyte, no measuruhle amount of cheiijpcal work can be 
iccomplished by the current. The generally accejitcd expHnation, first 
idvanced by Clausius,* is that the function of the current is merely directive,, 
controlling the directions of motion of ions which are already present in tho^ 
solution in a state of migratory freedom. 

The products of electrolysis a})pear sintiiUaiuously at tlie electrodes as 
joon as the cuiTcnt flSws, no matter how far apart tlie elcctiodes may be. 
From the very low values of the ionic mobilities, tlierefore, it follows tli.it the 
first ions discharged cannot have been in combiuatioii with one another at 
the moment preceding the passage of the current. Tlie eaily hy^ /tijesis 
:lue to Grotthus^ regarded the current as actually decomposing into ions the 
molecules of solute in the immediate vicinity of tlie electrodes, the inter-, 
mediate molecules then exchanging tiartners; tlie followtng sclieme sutHcioiiily 
illustrates the idea:— * 



Fio. 7'2..y(if Refoiv ciineiit; (ii), (iii), (iv), (v) oocur suceoh'.uely w'licn cuiiviil 
* llows, aftd tills process is ontijuioujy rej>eaLe(l. 

# • ♦ 


Farjiday, however, dispro^'ed tl^is idea by showing tliat#the f^ces 

were tlie same everywhere between the poles, v • 

(ilausius pointed out that on the hypothesis of Giottlius it slioukl lot bo 
possible to pass a current through an electrolyte ^mtil the eleclromotive 
force applied exceeded a cerbyn finite value-a conclusion that is not In 
harmony with experiment, lie su|)i*ised that the molecules of somite we 

_ ♦ . . ^ 

‘ tlau-'ins, Pog ' i . Anr ^ lcn , 18;»7, lOl, 338. * 

• Qrotthus, Ann, Chiin.^ ^806, 58 , 
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'aiw&ys'moving about iu the solution in a most irregular hianrier, being"4riVieR’.; 
fiwt one way and tiien another by collisions with other moleculfts. As 
result of collisions between molocnles moving with speeds in excess of- the.-: 
average, some of thesotniolecules get broken up i(ito part molecules carrying ^ 
electric charges, i.e. into what have already been termed ions. Collisions 
between oppositely ohargetl ions lead to the re-formation of a certain number 
of molecules^ but this is compensated for by the farther break{lown of other 
molecules, so that a certain amount of the solute in a conducting Solution is 
to be regarded as existing in the form of ions. When an electric current is. 
passed through the solution, it simply causes the cations and anions already 
present to drift in opposite directions towards the electixxles; the undis- 
Bociated molecules by their impacts supply more ions, Vhicli in turn travel to 
the electrodes, anfi so on. This theory is purely qualitative, giving no idea 
of the extent to whicli <lissociation occurs, and the assumption of quite a small 
degree, of dissociation is sufficient to account for the fact that Ohm’s Law holds 
for conducting solutions. 

The ideas of Clausius were developed into a quantitative theory by 
Arrhenius,^ whoso theory of electrolytic dissociation is now generally accepted, 
at any rate aR a valuable working hypothesis. Arrhcni\is supposed that the 
molecules of acids, bases, and salts are, as a rule, largcdy dissociated into 
their ions ii^ dilute solutions. For instance, a solution of sodium cliloridc 
will contain a certain ])crcentage of solute as ordinary molecules, but the 
remainder (and larger proportion) of the solute will be split up into the ions 
Na' and Cl'. The undissociated molecules take no part in conveying the* 
electric current, the current being, in fact, due simply to the motion of tlic 
electric charges associated with the ions. * 

On these assumptions it is possible to arrive at a measure of tlie dogrea 
of dissociation of a substance in solntioi^ from ‘cbiiductivity measurements. 
Imagine two‘large, rectangular, parallel plates to serve as electrodes, placed 
- 1 cm. apart, and suppose 1 o.c ol an electrolyte containing 1 gram-e(puvalent, 
of solute irt tji c.c. of solution to*be placed between the plates, tlu) oelmnn of 
. electrolyte having a uniform cross-section. The conductivity of this solution 
will be K, the specific c<Mductivity. If, however, tiic entire v o.c. be placed 
bot.wcen the plates, the conductivity measured is equaHo t’K or K/ij, i.e. to 
'■ the equivalent conductivity of the solution. »With a potential diffierence of 
; 1 volt between T.lie»plateefJ the conductivity will be numericaKy equal to the 
current^: and this, according to the viow.s of Arrhenius, will be proportional 
to the number ions supplied by the gram-molecule of solute, and to the 
mobilities of the ions. The latter, of course, depend on the resistance offered 
' to the passage of the ions through the solution, i.e. they depend bn, the 
viscosity of the solutidn. Now, the viscosity of a dilute solution only differs 
•^rom that of the solvent at tbo same temperature by 1 oi*‘ 2 per* cent?., 

. and hence the mobilities of the idiis may, in dilute .solutions, be regarded as 
prty^ticajly, independent of the concentration. T)m important conclusion is 
'■.therefore reached *'that the v^vriation of iHc equivalerd-, conductivity A'of a 
solution with the concentration is due almost entirely to a change in the 
number of ions furnishqd by I ^gram-equivalent of the solute. Accord'fngly, 

' amoe A increases as the concentration diminishes, the degree of disBOciatior 

• ^ AH'henius, Z^'tsch. pky.^ikal. C/icm., 1887, 1 , Clil ; U&rim'i Scientific Memoirs, 1899, 
Ko. V; au mteresting account of th 6 development of the theory ia given ’by Arrhenius hinjJ 
^>>eolf iu J. Amer. Ckem. Soi'., 1912, 34 , 3&3^.and in his Faradaj^ Lecture to the Chomica 
^Society (7’ra?w. C/um. Soc., 1^14, 105 , 1414). 
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electrolyte must increase witli the dilution, until, in extremely dilute 
solutions, the dissociation is complete. * 

The precediiiL^' considerati )ns <!oiicorning ionic :uobilitios justify the 
method (adopted on p. 208^ of expressing the oqi..\«ilent conductivity of a 
dilute solution in terms of the ionic inohilitios ot infinite dilution, by the 
equation— 

A = ''^9fi,500y(U^+V^); 

• ■»/ 

and since ^ = + VVJ, 

it follows tliat * 

Now X and X^^ have been'shown to be proportional to the munhers of 
ions furnished by the gram-equivalent of solute in the rospectivo solutions, 
and since X^ refers to a solution in which dissociation is complete, it-^s clear 
that y must represent the fraction of the solute dissociated in the solution of 
equivalent conductivity X; in other words, y is the dej^re.^. of dmociation ol 
the solute. Hence the percentage amount of the solute dissotjated into its 
ions in a dilute .solution of equivalent conductivity X is equal to 100 y, where 



.This relationship wis deduced by Arrhenius.^ 

Degree of Dissociation of Salts. —Thodegreeof dissociation of clocfro- 
lytes, as determined hv conductivity measuromeuts, may now he hri(“lly dis¬ 
cussed, the values at tne ordinary temperature (18'’ C.) being dealt with first. 

So far as salts are cojieornod, a general wile may bo stated : with few 
exceptions, salts of the sam5 ionic type" are dissociated to very nearly the 
same degree in solutions of equal conceutijitions.’* Accordingly, it is only 
•neces.sary to quote the results for a fow typical salt?; this is (Joiie in the 
following tal)l(! (cf. the values of y given on pr 205):— • 


PERCENTAGE* DISSOCIATION OF SAtTS A'i;i8’ C.* 


Normality 

Sodium Lithium 

Calcmiii 

Potassium 

Laiitl>anum 

; Copytir 

Lanthanum 

* Solution. 

(Jhlor^le. 

lodate. 

^ Nitrate. 

i 

Sulphato. 

Nitimo. 

' Sblphate. 

.Sulphate. 

0-001 

97-7 

97’0 

1)6'4 

95-4 


86-2 1 


o-oot> 

96-9 

95 8 

: 93-7 

93 7 

90*2 

80-4 

46-4 

O'Ol 

• 90-6 

91-2 

87 6 

87 2 

80-2 

6-2 9 

. 28-9 

0-06 

88 - 2 , 

8.3-4 

i 78-1 

77-1 

70 i * 

46 5 

' 19-8 

. 01 . 

8»-2 

78-9 

i 73-1 

72 2 

... 

39 6 

i 

0*2 

81-8 

74-0 

G7-9 ^ 

67-3 • 


• 3.5-1 : 


0-6 

77-3 

68-2 

■ 60-9 , 

61 -8 

... * 



1-0 ; 

• 1 

74-1 

64 ‘3 

* 

>• 64-9 * 

59 2 


i ^0-9 : 

• 

• • • • 


A normal solution contains I giatn equivalent of solute per litre • 


^ For a correction to allow for cluvage of viscosity with change of concentration, see 
Washburn, /. Jjn&r. dkem. Soc., 1911, 3^ H6I ; Oreen, Traris. Chem. Soc^ 19Q3, 
93 ,2049. • * Cf. P^tnote on*p. 21 ) 6 . * 

f' * The latter being measured in gram-equivalerfU per unit ^>lurae. 

'{• * Taken from the collaction of datagiyen*by Noyes and Falk, J.' Amer. CiuDi. Soc.^ 
101 ^ 34 , 464 . 
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The halide salts of the alkali metals all give values very clf^e to thos6.- 
quoted for sodium chloride, whilst the nitrates, chlorates, bromates, and 
iodates are dissociated to very nearly the sf^ime extent as litliium iodate’ 
(rather greater, as a 'rale). The figures for calcium nitrate are typical of 
those of the uni-bivalent .^alts of l)ivalcnt metals, with tlie exception of a 
number of mercury and cadmium salts, for which the dissociation is 
abnormally small ;,tlie values for potassium sulphate arc ciiara(jtcriHtic of 
those given by uni-bivalent salts of dibasic acids. It will be noticed, by 
comparing salts at the same (c(puvalent) dilution, that the degrees of dissocia¬ 
tion of salts yielding a imivalenl^ ion decrease as the valency of the other ion 
increases; but that even a uni-tervalent salt is more If^rgoly dissociated than 
a bi-bivalent salt, ^whieh, in its turn is dissociated more than a bi-tervalent 
salt. The degree of dissociation of acids and bases will bo discussed 
lat^ {p. 219). 

'TIkj' variation of the degree of dissociation of an electrolyte witli the 
temperature has l)een investigated by Noyes and others for a considerable 
' number of substances, at temperatures between 0” and .306” Tn general, 
the degree of ^dissociation, at a fixed concentration, slowly decreases with rise 
of temperature, the rate of decrojise increasing as the temperature rises; the 
values at 0“ C. and IH" C. do not difVer appreciably. '* 

Degree Of Dissociation from Freezing-poipt Measurements.— 
It was pointed out by Planck,^ shortly after Van’t Hoff had published his 
iuycstigaiioiis on osmotic pressure, tliat the abnormariy great osmotic 
pressure and other corrclate<{ physical properties of dilute solutions of electro¬ 
lytes reijuircd the hypothesis of some form of cloetrolyt'c dissociation. These 
properties depend upon the number of solute molecules per unit volume of 
solution, and not upon their nf.ture, and Arrheniiis.assdmed that each ion in 
solution produced the same osmotic eflect as that of an ordinary molecule. 
Accordingly, in very dilute solutions of electrolytes the molecules of which 
produce tw,o ions, the “moleculp depression” of the freezing-point should he 
exactly twice the normal value, (le<luced from measurements with non- 
electrolytcs, or calculated from Vau’t Ilolf's formula; solutes the molecules 
of which yield three ions, should give three times tfe.e normal depression, 
'ana so on. „ 

In extremely dilute .solutions, accurate determinations, of molecular 
depressions of the freezing-point are very difficult, but, employing the refined 
method'of differential platinum thermometry, Griffiths and Bedford ^ have 
determined the molecular depressions for a number of electrolytes. The 
' normal value for aqueous solutions, calculated from Van’t Hoff’s focinula, 
is 18‘58“ C., and Gri,ffiths actually arrjvcd at this result for solutions of 
g^ne sugar between 0‘02 and O’OOOo molar. Extremely dilute solutions o,f 
potassium chloride ^ave a' molecular depression almost exactly twice this 
value,^ and Bedford obtained depressions of twice'the normal value with 
potkssiufh "permanganate and magnesi\im culphaue. Barium chloride ^and 
sulphViric acid gave almost exaUly three times the noriual depression, whilst 
' with potassium forrioyanido four times the normal depression was actually 


' OV.Noyes anff others, Carnegie InstU'iition hiUicalions, 1907, No. 63 ; /. Amr 
;.908, 30 , 335 ; 1?09, 31 , 987, 1010 ; 1911, 33 , 795, 1423. 

® Planck, Wied. Annaten, 1887, 32 , 4^9. ^ 

8 Bedford, Proc. Pay. Soc., 1910, A, 83 , 454. 

* Lt. within the limits of e'xperimental error. 
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obsert^. “ Theae results are exceodin^'ly' interesting and significant, bdiii 
■ exactly what would be expected ae(.'<ivding to tlie views of Anbcnius. 

Owing to dissociation boiny incomplete in ordinary solutions, tlieftiolecula 
depressions will not be cxaiWly twice, thrice, etc , the Moniuil value, Init soim 
what loss, and from the observed values it is pos ihle, ns Arrle-iiins point© 
out, to calculate the degrees of dissociation of the aolules, and thcreb 
institute a comparison between tlie results obtainefl ui lids manner and 
those deuuced from conductivity measurements. If hp^-h molecules of a 
solute arc dissolved in water, and rt molecules dissociate, cacl\ yielding k ions, 
the osmotic pressure wull be proportional to w-fn/- instead of + The' 
degree of dissociation^ will be equal to * 

n 

m 4 - n 


Now the ratio {in^nk) : {in f??) is C(]nal to the ratio of the obsiu-vi'd tpole* 
ciilar depression to the normal value, and is usually denoted liy i. ifencc 


m + kn 
111 -h 11 


■ni )i in + n 


or 


?:-i 


tn order to illustrate the nature of the agreement betwiicn values oi y on- 
tained in this wa/, from freezing-point moasnrements, and those derived froiu 
conductivity measurements, the values of i may he calculated from the values 
of y given by tlio rel;\Aionship 


A 



and these values of i compai'ed with thos^ actually mcasuredr This is dbnc 
for a number of typical salts iii the foll.twing table : - ♦ 


COMPARISON OF yALUES OF i DERIVED FROM FREEZING- 
POINT (f.p.) AND CONDUCTIVITY ME^SUREl^ENTS (cj. 




0-00.'. * 

O'Ol. 

0-02. 


OiO^ 

0 20 . 

0-50. 

KCI . 

f.I>. 

1-96 

1 9-1 

1'92 

1-89 

1-Mi' 

I 83* 

1-30 


c. 

l-9() 

1 94 

ro' 

1-89 

1 -80 

1 83 

1-78 

RaCS,. . 

f.l., 

.. 

2'7iJ 

2-71 

2 04 

2 58 

O .'(•> 


• 

0. 


2 77 

2-70 

2-(i0 . 

‘‘•ftO 

2-44 


Pb(NO,).. i • . 

f.l.. 

‘J 7S 

2-7() 

2-t!! 

2 l;i • 

2 3M 

2-14 

1*85 

• 

c. 


2-69 

2 .'■■9 

2 12 

‘>••'7 

2 12 

l-9k 

iia(NOd-, . 

f.l.. 


» 


23 

..T 12 

3-1.7 



c. 

... 



3 l;-r 

2-99 

2 8J 


KsfelCN), . . 

f-p. 

«C8 

• 8 ()0 

.2 H3 






•c. 

9-fil 

3'48 

y 




. 

MgSO. . . 

fl> 

1 flO 

1 -(52 

1 r>4 

1T2 

l':!2 

1-22 



1-74 

1 07 

1 00 

1 51 

1-r.c 

1-lft 

► 

C.,Fo(CN),. . 

f.l. 

.' 

... 

H. 

. • 

l-5f 

1 -55 

140 

I'.'.O 

1'30 

1-47 



g “ * '•.• 

^ Adapted from the Jata compiled hy ijoyes and Kalk, J. I'hrm. iV., 1912, 34 ,' 

.,486; also tm, 1910, 32 , 1011. • ^ 







».n ‘It will be seen at once that the two methods do not give identical iesiil^-', 
^jipd the differences as a rule are considerably greater than possibld differenc^ 
:>3'ue to e5-perimental error, particularly with salts which yield polyvalent ionS,' 
The general parallelism between the two series of results is, however,’ 
unmistakable, and the Values clearly iifcrease with the dilution towards the 


theoretical values for complete dissociation, although uho value of i for 


oaloium ferrocyanide in 0 06 normal solution is far from the theoretical 


value 3. 


It is beyond the scope of this work to enter fully into the various causes 
' which may possibly bo responsible for the discrepancies observed between the 
two series of values. A short acetunt dealing with hydration and intermediate 
and complex ions only can bo given. It should, howevGr, bo montioued that 
oven with tini-uniralent salts for which the agreement is good, the result is 
. almost certainly due to a compensation of errors, the undissooiated molecules 
having an abnormally largo, and the ions an abnormally small osmotic effect. 
Fprlhe?; the o.xistence in solution of double molecules of a solute such as 
Mg 2 (SO.,) 2 , for o.\ample, would lead to values of i by the freezing-point method 
'Smaller than would otf.erwise be the case. 

Intermediate and Complex Ions.- Hitherto it has been assumed 
that the dissociation of salts of the types XClg (Xlhg, X(N 02 ) 2 ) etc.), 

• and XSOj follow the simple schemes XCl,—^X"-r 2(JI', ^2Y'+ SO,", 

' and XSO,—»-X’“-tSO,". It is, however, possible that salts of the first, two 
types may dissociate in stages, thus (i.) XCI^—rXCl" -|- Cl', (ii,) XCl"—rX" -t Cl'; 
and,(i.) Y^SO,—s-Y'-bYSO,', (ii.^ YSO/—»-Y'-tS0,"; and that therefore the 
intermediate iom XOl' and YSO, exist in appreciable quantity in moderately 
'.dilute solutions. Or it may bo that complex molecules df salts of the first and 
third tyjjcs, such as, XjCl, and X,(S 04 ) 2 , exist in the solutions, and dissociate 
according to the schemes XjCl,—^X"-H XCl," and XjlSO^lj—»-X"-tX(.SO,). 2 ", 
furnishing complex ions XCl," and XjfSO,),,", which dissociate more and more 
.with increasing dilutiop according'to such method.s as XCl,"—»-X"-1-401' and 
.X(SO,).2"-ry;-|-2 SO,". 

Werner' was one of the first to recognise the existence of complexions 
and to realise their impo-tance in electrolytic dissociation. His researches 
■ and theories will tie discussed in Volume IX. in connection, with the complex 
e'dbaiiammines. ' 

It is not diffic.ilt to see-that if moderately dilute solutions of salts contain 
appreciable quantities of complex or iutormediato ions, the transport numbers 
' Of the iofis should in all probability v.ary with the dilution.^ For a large 
number of uni-bivalent and bi-bi valent salts the transport numbers of the 
' ions are practically independent of the concentration up to 0-2 nonpal, which 
may possibly indicate tlie absence of intermediate and complex ions to any 
..SBoreciablc extent.’ The transport numbers of the halides and'sulphates of' 
'hivalont metals, however, dbcrcase steadily and r.ipidly with increasing 
"looncentration, which may'be accounted for by assqniing that complex ions, 
such to BaXll," and CdglSO,),", are formed ill considerah'e quantities at the 
' higher Ooucentrations. 

• 'At present it is not possible to determine with accuracy the extent to 


f Werner, anor^. 6'Aem., 1893,3, 294. ' ... 

ti- s,.The |pn Bad*, for instance, would migrattf'to the cathode, but of the jons Ba" and Cl, 
'oihto .which it i^ resolvtd by dilution, the Cl' travels to the anode. 

’ This conclusion is, however, not necessarily correct; see Noyes and Falk, V. Am9r» 
j'ilSum. Soc., 1911, 33 , H36; Falk, ibid., 1910, 32 , 1666. 
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which intermediate and complex iou foniiation 000111 * 8 , and accordingly, fc 
uni-bivalent salts and those of higher ionic types, a certain a^ionnf i; 
uncertainty is attached to tlie meaning of the ratio which haU in th 

preceding pages been regarded as a measure of elc<' ••'/.ytic di8^>ciation. It; 
clear that complex ion formation will lead to ahnorinally low values of i b 
the freezing-point method. 

Hydration in Aqueous Solution. - So far the ions of a ^ dt have bee 
regarded simply as atoms or groups of atoms, carryinjJ electric ciiarges ( 
opposite sign and migrating under tlic influence of a potential gradier 
quite independently of one another. The^considorations upon which thi 
view has been based ^do not, however, rcqniro the ions to bo free from a 
chemical combination, and there is considerable evidence that in aqueon 
solution most ions are combined with the solvent to varying dcgreei 
Probably in many cases tho undissociatod molcciilcs arc also combined wit 
the solvent, and it is doubtless true that numerous non-electroj^rtetf i 
aquoons solution are likewise “hy»Irated,”^ each moleculo combining wit 
a certain number of molecules of the solvent to form a more or less stab! 
complex moleculo.2 • 

Walker and his co-workers^ concluded that in a number* 0 ! calcs con 
bination with the solvent is the necessary precursor of electrolytic ilissocii 
tion, althougli such combination docs not necessitate that* dissociatioi 
Boufilield and Lowry,^ however, liavo gone a step furthiT and regard hydr 
tion'aa essential in dissociation, the heat of hydration alTording the ener^ 
necessary to disrupt the molecule. If such is the case the dissociated sofir 
must be hydrated togreater extent than the undissociated solute us othe 
wise there is no force available for producing dissociation. 

Only one or twotif tljo reasons brought forward in support of the vie 
that ions are hydrated c/Ai be discussed.Considering, for example, tj 
alkali metals’, it is observed that the nrdoj of increasing ionic mobilities' 
also tho order of increasing atomic wi'ight and atomic \^>luino :— 

Li. Na. K. Hb. * Cs. 

Atomic weight .• . (bOI ‘2:b00 35^10 85 45 132-81 

Tonic mobilitx^a’ 18" . ._hS*4 43-1 64*5 OT‘5 

The reverse would naturally be expected to*hvId good,rfJio heavier ioi 
migrating at a slower rate than the lighter ones, just as in the diffusion ' 
these metals into mercury, for which it has been shown ^ Uiat th» rates ■ 
diffusion increase with decreasing atomic weight. An explanation of th 

• __ _ _ _ _ _ 

• , 

1 Tlie t(^rms “tvilvated” and “solvution” arc »‘un>loyod to*deiiote similar ideas wh 
IblventiB other t^aii water arc ciinsidned. 

® Various attonipts have been made frame geicral tltfeories solution from the poi 
of view of hydration, withom. having lecourso to the ionic tlnJOry, but none of these can 
said to have mot with general* acccpl^nce. Tlio rea'lcr may be referred to* MonJcyaai 
Muifs Diciionary of OumUtm (Longmans To., vol. iv.), Article on aohitior 

part 2 ; also to Armstrong, Chcin. Nexvs, 1911, 103 , 97, and Ann. Kepori Ch4nx. Soc ., 19C 
■ 4 , 17,*21; 1908, 5 , 21; 1911, 8 , 13 ; Lowry, Science Proyress, 1908, 3 , 124. * 

* Walker, M'fntosh and Archibald, Trans. Che.vi.*Soc., 1994, 85 , 1098. 

* Bousfield and Lowry, Phil. Tnois., 1904, 204 , 282; Trans. Faraday Soc., 1906,' 

197; 1907, 3 , 128. , • • 

r ® For a valuably summary of the evidence bearing op the subject of hydration iBrtolutIf 
see Washburn, Technology Quarterly, 1908, 214 360 ; or JBhrb. Radioaklivf ElekWonii 
:1908, 5 , 604. • • 

i . ®sroii Vogau, Ann. Physik,, 1907, [iv.j, 2$, 389. 
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'anomaly is forthcoming' if it be assumed that the ions of the alkali 
■are hydmted, the number of molecules of water combined with one 
atom of 'metal diminishing as the atomic jvcight increasos It is then' 
possible for tile ion of,lithium to bo heavier tlfan the ion of cmsium, and 
so account for its lower mobility.' . 

It has been found that ionic conductivities increase with rise of tempera¬ 
ture in a manner that corresponds very closely to the chance of the 
fluidity (recinrocal'of the viscosity) of water with change of teihperature. 
In fact, for a number of slow-moving ions, the parallelism is almost oxaet 
' Tills is not due to increased dissociation, since this latter is actually retarded 
to a slight extent by rise of temperature. The increase in conductivity is 
attributable to greater ionic mobility consequent upon a change m the 
frictional resistance experienced by the ion in its passage through le 
solution Tho remarkable fact that this resistance changes at almost 
nrefciseV' the rate at which the viscosity of water (which measures the 
frictional resistance that one molecule of water experiences m moving about 
^amoiig the others) changes, led Kohlranscli Ho believo that an ion is associ¬ 
ated with a certain nfimbcr of iiiolccnlos of water, this water forming a kind 
of “atiiio.sphbre” about the ion and the “complex moving as a whole 
through the solution. The fact tliat a rise in temperature shgli ly decreases 
tho extent ot, dissociation may he explained on tlie assumption that tlie heat 
tends to reduce tho tiydralion of tlie ions and thus facilitates tlicir iimyii to 

form midissociated molecules.® " t „i,. 

'If the two ions of a salt are hydrated unequally, the passage of elcctricily 
• through an aqueous solution of tho salt must result,in a not traiisferoiice 
of water in one direction or tlie other, according to circnmstances. If, then, 
a small quantity of a noii-o.’eotrolyto ho added ^to flic solution, 't" 
oentration sliould increase around one electrodd and decrease 
other. By tliis device, it has hi'Oii sliown oxpcrmientally that tlie ions if 
hydroohlorm acid,' aiVd of tho chlorides of the alkali metals. ' are unequally 

'‘^''Hyfation, and lience dissociation, may he e:s,pected to increase with 
diliitiL mitila^naximni'n is reached after which nrtlier ^ “ 

t The avera.'e amount of water in combination need not he a whole 
number. In a.\\ prohahility it is an indehnito assemblage of aqueous 

to hydration, tho calculations e.xplained in the P;*g“ 

must often he inexact, and the errors involved cannot as a rule deternimed 
owing to lack of accurate data concerning the extent of liydration. Wy'J™ 
tion of any kind obviously renders the statement of concentratinn, in terms 
orpii ts 'd solute per' part of .solvent, inaccurate, since part oi the s.dvent 
&ust he reckoned as hebngino to the solute.- “ni^y 
dsmotic pressures, fi'eexing-poirit Tlepressiorts, etc., imy he due in P"* to this 
oauee,.aa.> tlie abiiormality will he tlie njore pimnouiiced tlie grciter^the 


‘ Eulef Wud. AmaUn, 1897, 63 273 ; Breclig, phydi-al. ® 

•1 Kohlr'ausch, Proc. Rol Soc., lilOS, 71, 338 ; Sitmiigsber. preim. Ahid. IPm., 1902, 

H. C. .Tones and his co-workers, ^mer. them J., 1910, 4 i '87; 1911, 4<', 
an’d 368*, A. A. Nn/es, Y. Kato ' 

♦KiichMk O'Afiwt., j’906, 55 , noo. lonQ «»t 7 

» WaXrn^ 1908,U. 287 ; or.7. Amcr.CUm. Soc.. 1909, 31 ,322. 

t • BottsfieM, Phil Tram., W06, A, 2q6, 101. 
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' oonccntmtion of the solution,^ Potsissinin and cfcsium nitrates arc exCjQp* 
tioiis in that they behave like idoal binary eleftrnlytes.- Hydration of the, 
ions clearly renders measureipenis of transport iinndt rs slii'htly iSaccurate. 
Since, moreover, it is protAblc that, in certain east ^ he de^rite oi‘ hydratipn 
of an ion chancier with the conoentration,^ a chnnci<* which wonld doubtless^ 
alter its ionic mobility, the possibility of an error due to tins cause in taking 
A./A.^ as the measure of the degree of dissociation must be reci-pi'lse*!.* 

Dissociation of Acids and Bases.-' Salts, witir few exceptions, are 
largely dissociated, the extent varying from 40 to 85 per cent, for difteront, 
salts in tenth-normal solution. Acids and bases exhibit a much greater 
variation in this respect. The monobasic acids such as nitric, hytlrochloric, 
hydrobromic, hydrioaic, percldoric, chloric, hiomie, iodic, permanganic, 
thiocyanic, etc., acids, are extensively dissociated in Oilute solution, the 
values comparing with those for uni-unix’alent salts; m the case of the first 
four acids mentioned, the values are oven greater, llydroiluori^ acid is 
much loss dissociated, only, in fact, to the extiait of 7 [ler cent, in normal 
solution. Nitrous, hydrocyanic^, and acetic aeids {and a host of orgaDi|\. 
acids) are only dissociated to an exceedingly slight degree (sec j). 223). 

The polybasic acids are, not dissociated to so gn-at an*extent as the 
monobasic aci^s just raentionctl above. The quantitative relations, too, are 
rendered extremely complicated by the fact that the dissociation of these 
acids proceeds in stag*es, and hence a number of difierent kinds of anions 
are present in stdution. Thus, sulphuric acid, one of the most largely 
dissociated of the dibasic acids, dissociates in two singes— 

(i.) + 

(ii.) HSt), + 

In very dilute solutiofi* the ooricentration*of SO/c.xceeds tliat of MSO/, 
but in most concentrated solutions tlib roverso obtains.^' I’ko.splioric acid, 
HgPO^, dissociates in tlirce stages— * 

(i.) 

fii.) i/pu/^^lf-f-HPO; 

'(iii.) npo/—-ir + po/".* 

In a solution containing one ^rram-niolocule in ten litres, stage (i.) prwfeci^i 
to about 28 cent. Dissociation as represeMt<ii( by (li.) is sliglit, and as 
represented by (iii.) almost negligible, ryvopliosphonc acid H.ilV-O^ dia- 
sociaiea in four stages, of whiidi the first two occur to a*consid^rable, the 
last one practically to a negligible extent.*’ 

^ See Jc^es jmkI liis co-wovkois, .-iiucr. Clicm- ] 9 <ri, 31 , .^rt6 ; 190.9, 33 , 5H4 ; Zeifuch. 
physikal CVim ,.1906, 55 , ^85. iJiltz, ibul., 1902, 40 , 185; ^903, 43 , 41 ; 1906, 56 , 468. 

*Sunt?, ibid., fl)02, 39 , 385. • • 

2 Piltz, loc. at. ; .Talin, Zeils>'h. pti^akal. Chf.^i., 190?>, 33 , 54^5 ; 1900, 35 , 1 ; 1901, 37i. 
490; Neriist, ibid., 1901, 36 , 487. * 

/ Blitz {loc. cil.) ami Jol»os {Za^Krh phyahil. Chru, , 1906.^55, 38.5^ .dt^iiijioti to 
determino the extent of ionic ;vud bott jioy' :igrcc tlmt it laciTiibC', with dilution, 

Bousfield {ibid., 1905, 53 , 257) has airived at the same cmtokision 

^Interesting examjdes of tlw sumiltam'ons occurrrm'c of coini'lex imi biTtnation and* 
hydration are funiishpd by the halide salts of co]>]>c^ and colMtsee Donnaii and Bassett, 
Trms. Ckem. Soc., 1902,’ 81 , 939 ; VaOlunt, Aim. Ckiui. Phn., 1903, (\ii.), 28 , 218 t 
Kohlschutter, Ber., fl)04, 37 , 1168; Lc\^s, ZciMi. phimlal. Chtm., 1906, 56 , 223; 
Denham, , 1^109, 65 , 641. ^ • 

- ® Zeiisch. Ekkt>ochan.,V^<i'i, I 3 , 21 Jj); Noyes aiffl fcl.istnian, IMUtution 

Publications, 1907, 63 , €74 ; Noyes and Sti^art, J. At/icr. Client . ,S'ar., 1910, 32 , I13.S. 

“ Abbot and Bray, J. Amcr. dim. .SV., 19Q9, 31 . 760# 
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^^'CftrWnic, liydrosulphui-ic/ and boric acids, H^COj, ayH 
tespeotively, likewise dissociate in stages; but in these particular cases tlie^; 
first stage proceeds to an exceedingly slight degree, and the nanaining stagos l 
to an even smaller oxteld- (see p. 223). ^ *' 

The very soluble inorganic bases, namely the hydroxides of the alkali 
metals, are dissociated in aqueous solution to about tiro same extent as : 
uni-univalont fialts; the hydroxides of barium, strontium, and calcium rather 
less. Ammonium nydroxide, however, is only slightly dissociated, the 
^extent in normal solution being less than 1 per cent, (see p. 223). 

Some Applications of the Dissociation Theory, —The neutralisa¬ 
tion of hydrotddoric acid by sotfium hydroxide in dilpte aijueous solution, 
expressed in the ordinary way by the equation— 

NaOH + HOI = NaCl +11^0, 

should, ^'’cording to the ionic theory, bo represented thus - 


Na- -t- orr+ir+ or - Na-+ or -f tt,o, 

since hy(JrochIpric aci<^, sodium hydroxide, and sodium chloride are almost 
'completely dissociated, whilst water is only dissociated to a iniinite extent. 
The ohaiigo may therefore be expressed simply as 

Obviously this expresses the essential character of the cliange whatever acid 
^Or base be chosen, provided that both are largely dissociated in dilute solu¬ 
tion. The heats of neutralisation in all such reaction^ should therefore be 
equal, and, as lias been seen already, this is found to be^tbo case. From the 
data already given (p. 107) it follows that * * 

H' + t)HV-lLO + 13-7 Cals. 

t ^ 

When eitiicf l,iio acid oiqthe bast is only slightly dissociated in dilulo solu¬ 
tion, the observed luiut of neutralisation is practically 13'7 ('als. plus the 
heat of ionisation of the tvcid (or base, as the case uiay be); that is to say, 
of the heat tones of tlic reactions * «• 

(u)^ HA = H'-f A^iind 
(li.) H>0H'=:H20. 

c ,, 

The heat of neutralisation may therefore be greater or less than 13'7 Cals., 
since in some cases (i.) is exothermic and in others endothermic. t 

The Law of Thormu-neutrality (p. 167) is readily explained,. Sr.ipposing, 
for instance, that dilute ^iqueous solutions of sodium sulphate-and potassium 
! nitrate are mixed, it is readily seen that no appreeia^ole change in the na’turo 
of the solution should bccvir, for poflissiurn si^lphate and sodium nitrate, the 
fornu^tio,\i which might bo anticipated, ajcQ dissociated to as great an 
extent <as the salts hrst mentioiicd, and all four, salts aiVi almost completely 
Associated, in dilute solution. Accordingly, no thermal effect would, be 
expected to accompany t^e mixing of the solutions, and none is, in fact, 

• oraerved. 

In general, ions possess an cnormou^sly greater degree' of reactivity than 
^''^ionuotpsM molccitlos. The readiness and rapi<lity with whida acids, bases,, 
^jflgid salts react are in marked contrary to the sluggishness with which many 
;?^ctiou8 between organic ^ubstanegs prCceed. The subject of inorganic 



;qn«itativ0 anqiysiB u. uuDcerried almost exclusively wi' ’ i the 
'An' aqueous solution of hydrogen chloride, for instance 'xhibite the prtp^I®. 
Associated with hydrogen ions and also those associated with chMme , 
and therefore its degree »f 'reactivity towards oil,»r substances is qiJlW 
diflerent from that of a solution of 'hydrogen chloride in henzcnc or liqUW. 
hydrogen chloride The degree of olectrolytii: dissociation of hydrogen 
chloride in the benzene solution or in the liquefied gas is excu-'.mgly sma^. 
and in tHese media iron, sodium, and calcium carbonate are scarcely aqt^ 
upon; but aqueous liydrogeu cliloridc attachs these sulistaiices with thft^ 

greatest readiness 1 , i ti,.' 

The conclusion tliat the reactions of •electrolytes are in gciieial the 
reactions of their ioift is of great impoiiancc, for it is iiiitiiial to attribute 
tho siiecific properties associated with acids to the presciiLc of hydrogen tons, 
and those associated willi liases to tho presence of hydroxyl ions in their, 
aimeous solutions. It is therefore to be expected that tlio c.vteiil to wjitch 
these properties are manifested hy an acid (or base) will deiiond rfpon the 
concentration of hydrogen (or hydroxyl) ions in solution; in short, that what 
may 1)0 termed the relative “strengUiH” of acids (or hasos) maybe inferred 
from the degrees of dissociation of the acids (or bases) in solntioniA that are 
comparable, U are of the same normality. Tlie stronger the acid (or base), 
the greater tlie degree of dissoeialion. Tlie relative strengths of acids and 
hascis tliiis deduced afe in agreement with those derived fifiiii other con- 

sideratiorts {vide infra, p. 22,5). ^ , ,i i iv 

The dissociation theory accounts in a simple niaiiiicr iov the diflorciices 
observed between doulilo salts and complex salts. For example, sodium 
chloroplatinate, a corifiilex salt, dissociates uecordiiig to the scheme 

* .Na.,l‘t01,i=s=^2Na’ H- Ut(ll„'', 

whereas tho dissociation of astracanite ‘(p.^2Ul), a doiihic Bivlt,>takcs place as 

follows:— , ,. .. 

NajS0<.MgS0,=^2Na-+.lVIg +2.S0, . ,* 

Inthcc.aseof the (iitHHiaiiied compound, tho solution docs not give the 
usual re,acUons of .•• cliloridc, since no chlorine ions arc jiix'sent iii solntioa; 
the second compound, liowovpr, behaves as a irii.xtnrc of ilic single 
That the anion of soiliuin chloroplatinate is ITQJ,, is shojvn by inigiation. 
experiments (p. 206), the plntiiinm migrating with the ehlorine towards ^ho , 
anode. The recognition of the nature of complcv salts liy imians otwiiigration 

experiments is duo to Hittorf (p. 20 i). ,. . . , , 'i,« ■ 

Tlierc is however, no liard-aiid fast line of division between complex., 
salts and'doithlc salts; the difference ninsl he loolicd upon not as one of. 
' *iud„hnt otay'one of de.grce. It must he supposed, for instance, that the- 

■ anion PtClj" dissociates further, {liiis :— , • 

, i'toi/^-i>t'- + 6cr, 

■ though only to a very mioiite extent, while tho possibility of the existence of ■ 
‘ complex ions in astracanite solnlions, sncli as Wg(&0,),j perhapn, 

- recognised, though their eonecntratioii must be qidtc tmiall. h.xamples a^ 

~ All admiiablf account of the ioiii-tlicofy. with partkallar refcicncc to itapheattonS. 

nn^vftiB is riven bv StiegUlz, Ouahldtive Ciemcal Ainilysi^ 

''?{5entury Co., New^orlfc, 1911; i^ell & So»,*tondon 1914); see 

of Analyiiml Chemistry, tra»slateil,by M Oow^ii (Macimllaii k Co., 1908). 





■ known in which each stage of the ionisation must be regarded as'taking, 
place to an appreciable extent, e.g. IVjCd(CN),:— ' 


K.,Cd(CN),-^2K- + Cd(QMV', 

' Cd(CN);’^?iG’d" + 4(CN)'. 

The relative stabilities of complex ions is a matter of great importance in 
analysis. , 

Application of^ the Laws of Chemical Equilibrium. - The laws of 
cchemical c<iuiUbrium were aj^plicd to the study of ionic reactions almost as 
soon as Arrhenius’ theory appcj^rod, each kind of ion present in solution 
being regarded as a distinct molecular species, behaving as a normal solute. 
The undissociated molecules and the ions of an ionogen * in aqueous sohition 
constitute a system in equilibrium, and the state of oquililirium alters with 
change of cunccutratiou. In reaclions between ionogens, equilibrium is 
establisiied with great rapidity. 

Ill the case of a uni-univalciit salt, which dissociates thus, 


“ . AU=^A- + ir, 

the condition of equilibrium will be 


wha*o a bracketed formula, as usual, denotes the efpulibrium concentration of 
^the substance having that formula. Tf one gram-moh'cule of Al> is dissolvc'd 
in V litres of water, and the fraction dissociated is y, then 

[A-HL'-I-'I-, [Aiij = h^. ■ 
and hence « ' 

' < V- - Iv, 

■: {^-y> 

. whore K denotes*uhe ionudfion vondaid in llie usual units., 

****^he condition of equilibrium that would similarly be expected for ollies 
. types of iouogeii.s is easily obtained. Thus, in the case of Jantlianftm 
sulphate, 

' ' La,(SO,)3^2ha- + ;JSO;', 


it would be anticipated that 


, leading to the relation. * 


[l.rr-]^x[S(V'p 
[La:(Sb,)j - ' 


,(l-yy 


It ma} be sbited at once tliat the equations thus deduced, and wiiich 
connect the degree o,f d/ssociatibn of an electrolyte'with the concentration, 
ire not even a])proximate]y correct representations of the experimental results 
for-i^alts^pr for ac,\ds and bases that ai^o dissociated to more ,than a few per 



^ l.'c. a fliibstaiice that (]i!>sociaks into ions in solution. 

f t 
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'cenfe m dilute solution.' In the case of weak acida and bases, howe-ver, 
these equaiious represent the facts extremely well. 

In the case of a weak dibasic acid, such as curbonic acid, wAich dis¬ 
sociates in stages, the rolatbnsliipa 


“ iii.co;! ' ' “[iKX);]' ■ 


are founiJ to hold good, Kj and K, being called the^nv//en//and 6‘tromfcM*^ 
ionisatioi constants of carbonic acid. In like manner there arc three ionisa¬ 
tion constanls corresponding to the tlirce^stages of dissociation of ortho* 
phosplioric acid, etc. 

The ionisation constants of a number of weak acids ;u.d bases are given- 
in the follow ing tabic :— ^ 


.•Vci<l 01 Base. 

j Equilibrium Ratio. 

J 

K. 

' r 

Bhosjilioric acid 


1 . 10-2 

» 

18 i [inxriii'o/'i/dU'o,'] 

18 1 [ii-]vU‘o;''i/im’o,"i , 

2,vUl 

IvlO 

Nit>»usacul . . ,* 

25 1 [H-]xlNO,]/fHNOoJ 

V 10 ^ 

Acetic aenl . ? 

25 . [irj'<[CH/'a/]/[('H,<'OOllj 

1 SxlO--- 

Caibonic aei(l, 

IS ' firj5<fHGo;i/[i[j:o,]* 

3 -lO'- 


25 : |H’lx[CO,,"t/[Hcb;]* 

7 10 " 

Hydrogen sulphide. 

18 [U-'X[H.S'J/1H,S1 

9 ^ 10 « 

• 

,25 . [H-]x[S''|/(IlS'i 

1 .10-'- 

Boric acid 

l5 ' |I1-)X[1',110;,1/111,110,,] 

7 X 10 ->'■* 

llydroeyanie. arid . 

25 : |in.<|rN'l/iHCNl 

rxio-'« 

Aimnonium liydioxido . 

25 J lNH;ix|Oiri/i[NH,Oliri[NII;,l',t J 18x10-5 

25 : [N.jlls’l^FOll'l/itNjHsOHI 1 (NJI,?! Ij 3xl0-« 

Hydrazine 


* T 1 h‘si! Bululious ciM.tani caihou (li-oxi<le as well as carboinc aciiMaolcciilf's and 
lletu-c the value for K is really nuicii Loo low (Tliiel and Stri'li('i;k<‘r, Brf., I'.iH, 47 , 

t Tln^o solutions contuui anunonia and hydrazine,.iii^additiou Jo the ions of the 
hydroxides and tlie iiiidissociuted liydi'o\ide molecules. * 

Ileferring again to the equation (p. 222) 

(I y)" 


' At IS i»i;y«niu mu scope ot llns boot to enter mlo % discusMon of the causes of tliis.'' 
disagreement; tliere au*, hcr.vevcr, good loasoiis w’lfy lonio equilibita slionld imt be expected 
to conform to the law of chemical pijudibniuii except at vt-ry small eoncentcjjtinns. Sc® 
StieJjhtz, opus ci/., jc 1('8 ; V^ilker, Tallin-, 1911, 87, 29t>. It is fmjsible to express the ’ 
variation of 7 wuth the dilutiv/n by eiujiiiieal formult*. See Rudolplu, Zeitsch. pltysikal. 
Cluir^, 1895, 17 , 385; Van’t Holl', iinJ., 1895, 18 , 300; Stoieb, ibui, 18'^o, 19 , 18; 
M'Dougall, ./. Zvif.i. 1912, 34 , 855 y Kraus jand Ihiiy, ilv!., 1913, 35 ,; 

1315; Kendall, Tram. Chcin. Soc , 1912, lOl, 1275; Mall. K. *Vet. Nohdinstilut^ 19i3, , 
. 2 , No. 88 ; J. Avtrr. Hhcm. Soc., 1M4, 36 , 10R9 ; Partington, 7'mws. Chon. Soc., 1910, 
97 ,1158. ^ < X ’ ' 

^ Pov further (lata and references fue Laiidolt-Hoi'ii.ftcin, PJiii>iikaH''ni-(.'lifnnst'I\c '^htlUn 
(Bovliu, 3rd ed., 1912), p^ 1132 ; Noyes. J. Ajn'f. Chein. Soc., 191i>, 32 , S60 ; Sticglitz, opus 
, eU., pp. 104, 106. 
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;-whioh -.is called OHtvntifs Dilution Lau}^ it' is seen that when half ’ thi’ '■ 
electrolyte is dissociated, l/2t) is equal to K. Using the value given above 
■for' acetit acid, it follows that one gram-molecule of acetic acid must be-; 
diluted with about 30,pp0 litres of water before half the acid is dissociated;' 
and that an oven greater dilution is'necessary for those substances with? 
ionisation constants smalleb than acetic acid. Hence, con/paring electrolytes’ 
at the same (molecular) concentration, th^ order of increasing dissociation is' 
also the order of indreasing ionisation constants. The relative strengths of 
I Weak acids (and bases) may be accordingly recognised by a comiifrison of 
their ionisation constants. The small degree of dissociation of the acids and 
ba.ses mentioned in the. preecdiAg table will be readily perceived from the 
'valuhs of K there given; acetic acid, for instance, in dociuormal solution 
(ii equal to 10) is dis.sociated only to the extent of 1'3 per cent. 

It should be carefully borne in mind that salts derived from weak acids 
or hasos^aro largely dissociated in solution, so<lium acetate, for instance, being 
comparaole with sodium chloride in this respect. A simple means of 
; diminishing the acidic properties of a weak acid or the basic properties of a 
weak base is tlierefore possible; namely, to add a salt with a common ion, ■ 
as, for bistanne, sodium acetate to acetic acid, and ammonium chloride to 
ammonium hydro.xide. In the latter case, the concentration'of ammonium 
ions is enormously increased, aud in virtue of the relationsldp 

MV]x|oii'L.k ' 

, [NH„oir]--- ’ 

the concentration of hydroxyl ions must decrease. In other words, tlio 
degree of dissociation of ammonium hydroxide is diinfoislicd, and tliat to a 
very great extent, since, as the concentration of iin4is8ocialcd animonium 
hydroxide only varies by 1 or ^2 })er cent., an n-foVl‘‘increaso of concentration 
in ammonium ions leads to an 7i-fo]d decrease in concentration of hydroxyl 
ions. This principle is frc<juentiy employed in analysis. 

The equil^hrinm between a srlid salt and a liquid which, besides containing 
some of the salt in solution, also contains other electi'olytcs, is of great 
rmportance. It was originally supposed’ that in subh a systeni, at constant 

• feegmerature. whfle ihu concentrations of tlm ions of tlic^iilt could be altered 
by the addition of oilier electrolytes, the conwntration of the undissoeiated 
salt in tbo Tniuki rcmaiiftid' constant. This supposition, coirybined with the 

• further one that the ionisation of llie salt is expressed by the law of chemical 
^ equilibrium, lc*ads to the following condition for equilibrium between tlie solid 
'salt and the liquid phase; ihe product of the ion mneentratiom, each raued' 

'tOi the power correspondunj io the number of that kind of ion formed hy the 
dissociation of one moleude of the mlt, is a constant. An example will make 
this clear. If the solid salt is calcium pliosphatc Ca,/rO^)j,, the' law of equb - 
librium gives . ' • • 

: , , _ [6a'Tx[P0;7 = K[Ca,(P0,)J 

■’ foi thfl ionic equilibrium in thy liquid phase ; and jn accordance with the first 
: .assumplipn, [Ca,,(PO,)J is .a constant tor equilibrium between the soli^ and' 
liquid phases. Hence i < 

• ' [Ca’']*x iP0/'7-constant. 

.. This cojistant is failed the solnbitHtf-pf-oihicl of the salt at ^he temperature 
■ in quistionv < ' , -.1 

_ _ __ _ ____ « __ _ ^ _ ■ '' 

' ’ Hcin&t,•Zeilsch. plysikaViCkem.,1S89, ^,272, 



ACIDS, BASSs, ik& 'SA&s. l2S , 

Tho method of deriving the principle of the solubility-product just out-s 
lined is tuab by which the rolationsliip was lirst de<lnced. Each of tire 
aasuinptious there moubionod is now known to be ito 'rrect. U is, tiowever, 
not necessary to assume s* much iji order to d' the pifiiciplo, which 
follows from the :'«sum[>tions that th'e inns behave as normal solutes, and 
that the naturebf ae solvent is not clian^od by added subslaneosd As a 
matter of experiment, the principle is foun<l to hold ^ood o dy for dilute- 
solutions ill which the total electrolyte eoiiccntration ft not j^roatei’ than 
Odl gram-equivalent per litre, and hence can luily be applird to >>j)aringly 
soluble substances.’^ Salts ordinarily class(‘(| as insoluble, and m particular 
those met with as precipitates in quantitati’^e analysis, are characiensed by 
oxtromely small solubirity-])rudiicls. 

When the ])r()(liict of the eoneentrations of the ions of a salt in a solution 
exceeds the solubility product of Ibo salt, prccipitnt.on of that salt occurs 
until the solubility-product is reaciicd. It Immediately follows that ibo 
solubility of a .salt is less in a solution of a salt possessinu a common ion than 
it is in pine water. For example, the amount f»l’ idilorim' h*ft in .solution, 
wlien a solution of a chloride is precipitate<l witli silvei* mtrat*! in moderate 
excess, is barely perceptible, altlioui^h the solubility of stiver cbk>nde*in pure 
water is quite appreciable.^ That is to say, the solubility of siher chloride 
has been diminished by the presence of silver iiitrati! in solution.^ 

A salt passes into solution when tlie product of the coucontratioiis of its 
ions in the solutiori is made less than the solubihty-product. 'I'vo (‘xamples 
may be given. The organic, acid oxalic acid is a weak a<ad and dissociafCd 
to a much loss degree than its oalemm salt at the same concentration. The 
calcium salt is almost fusolu!)le in watiw. When hydnxdiloric acid is added 
to it, the anion of oxa'ic acid is removed alino>jl. entirely from the solution, 
since it unites with hydVt^en ions, pniseiit in gieal exi-css, to form un¬ 
dissociated oxalic acid. Hence, the solubilitv-product of calciniA oxalate not 
being maintained, solid salt passes into solution until Irfie solubility product 
is again readied. The increase in concentration of tlu^ italcium, i^uis in the 
solutionis siidi that calcium may bo readily detei-ted tlierein by tlie usual 
reactions, i.e. calcium oxalate is soluble in hydrochloric acid 

Silver cyiniide is very sparingly soluhle in water, t'ke additioy /'f,, 
potassium cyanide solution wof.ld, in the light of the preceding rlisciis.sion, bo 
expected to dintinish it.s solubility’, but it is found tf> dissidvi^tlie [ucidpitate. 
The explanation is tliat the reaction 

Ag--t-tiCNV-Ag(CN); 

occurs in tl*e, sqjiitioii, and since the complex ion Ag(ON)^/ is a stable ion, the 
concentration of tlic silver ions in solution is reduced to .'t very minute (luantity. 
J?ilver*cidori(fo accordingly ilissolvcs; the complex salt K[Ag(CN)^j can no- 
crystallised out from the solution.* * • * 

Strengths of Acida and,Bases. — d’he expressions “strong," #nd 
“weak." are frequently anplied in order to (le.'-.crilie the fclativo clu'jnical 
activities of acids and of bases, in contrasting an acid such as hy<teodilorie 
with another sueh as hydrosulphuric, it is ca^^ from/iliemical considerations 
to decide that the lir.st is “stronger" than the secoiTd : the problem •f 

* tfaslibuHi ./. Amcr Vhfm. t>vc., 1“>0, 32 ,*488. 

* Stieglitz. xhitl, 1908, 30 aiy. • 

* Uichards and Wells, J. J^er. Chcni. .Vcc,, 190r>, 27 ,^ 8 !. 
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comparing the relative strengths of, say, hydrochloric and sulphuric acids, is 
more difiicult. 

In order to arrive at a quantitative estimation of the relative strengths of 
acids, oquivalhrnt amofyits of two acids may bj allowed to compete for a 
quantity of a base insutheient to combine with both eomph’lely, and tlio ratio 
in whicli the base is shared by the acids dotormiuod. The relative streugtlia 
of the acids are regarded as proportional to the amounts of base they 
appropriate. The method may be carried out in pr.ictiee by adding one 
. equivalent of an acid to one eiiuivalent of a salt oi another acid, and deter¬ 
mining the amoiuit of the second acid displaced from combination by the 
first. In elV'cling the necessary'*inoasureineijts, wliidi arc generally physical 
m character,’ one condition must be fuliilleJ : the acids and salts nnist remain 
entirely in solulioh and nothing escape from tlie li(pud either as gas or solid 
(precipitate). Otherwise the results are vituvied by vohitility or solubility 
influences. 

Approximate results wore oljtained by Thomson - from thermal mcasurc- 
.ments, but Ostwald’s results, deduced from dousity measurements * were more 
accurate. The oxjxsrimonts were carried out at a common temperature, and 
the solniions ?)f acids and bases used contained one gram-equivalent of reagent 
in a kilogram of solution. By mixing equal weights of a solution of an acid 
and a base, a^nlution of a salt was obtained. A numerical example concerning 
hydrochloric and diohloracctic acids will serve to illustrate the method. The 
rc.spective volumes of two kilograms of sodium chloridi^ ai/d sodium dichlor- 
acecate solutions were 195S'’j75 and li)l(J'7l4 c.c.; those of one kilogram of 
hydrocliloric acid and dichloracotic acid solutions, hS’J-tOfi and 9l7'd77 cc. 
On mi.xing the hydrochloric acid and sodium dichlofacetatc solutions, the 
volume would be 9S2‘40G + lt)l6 714, or 2800-120 c.c no change occurred, 
and 947-377-f-10o8'275, or 2905 002 if tlie dich’oVacetic acid were entirely 
displaced, llie volume actually observed was 2001-220 c c. Now 

-I , 2001-2-/0 - 2890'120-5 100 

and ' 2905-0.52 - 2899 120-0-532 ; 

hence it is infenod that .^-10/6 53 or 78 per cent, of tli{j,dichloraceiic acid is 
*tITspiaccd, aiul the relative strengtlis of liydn^-hloric ami diciiloracetic acids 
are as 78 to 22.< , „ 

The relative sl'naigths of aciils as dotermmoil in this manner are inde¬ 
pendent of the nature of tlie base, cliosen. That the order m wliieli the acids 
are arranged by tins method is really the order of what are to be regarded 
as their “ strengths ” is indicated by the fact that the sanie order is arr-vod at 
when tho activities of, acids are compared in other ways, c-/,. h} Thomsen’s 
tjiermal motliod ; liy oliserving Die rate at which they cau.se tl^e “inversion ” 
of sucrose to jiroceed (p. 184), by determining their respective abilities to 
oflect the solution of sahs like c.ilcium oxalate and btirium chromate, etc. 

It'is'loimd that when acids are arranged in "the order of ihcir rcljitive 
strengths, they are also arrarged in order with respect to their degrees of 
dissociation, the strongest acids being most fully dissociated. This result 


’ A chemical iiiolh™! ol' limited ftjqihcatiun has been deviaed by Fraud and Mai-shall 
Soc^, 1914, 105 , 2776), basodr.;!! tlie ubservatioii that the amount of alkali 
neces»i.ry to luevent an arid from co''toding iron is a function of tbe struigtli of tho acid. 

^ Tliomsen, Poijg. Annalcn, 1854,91, 8” ;,18(>9, 138 * 65 ; Phil. Mag., 1870,[iv.], 39> ^1^* 
* O'lwald, J. pralct. Chem., 1877, l6, ^5 ; 1878, 18 , 823. 
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ia readily intollipblc (s(;c p. 224). Moivovor, it is possible, if tlie ilissociation 
theory bo accepted, to calculate tlu' relative strcii.iitiis df two we^ik acids, 
since they follow the “dihitiou law.’' The result ai t .ved at is that equivalent 
(piantitios of the two aeids^hare a i|uautityof li.t^e*.'ii!)ieienf to inaitraliso 
only otic acid in tl.* ratio of tlic square njots uf the dUsoeialion constants 
of the acids, and tins result is confirmed by o\penment ^ * 

The relative streniXlhs of bases may lie eonqiared by inetlmds similar to 
those employed for acids. Tlu' weakiie.ss of ammonimn hydn>\ide m coni- 
pari.son with serlium hydroxide was show'n by JJerthelol from Iher inal measure- < 
incuts.- The order of relalivt* slrenj^tlis o^ biu^es is also found to he that 
anticipated from their^Icgrecs ()f dissociation. ^ 

The hydro\i<les of the <livalent metals smdi as zinc, nickel, magnesium, 
etc., and of the trivahait imdals such as iron, aluminium, chromium, etc., 
are almost insoluble in water, but the fact that they are tinah bases is 
shown by the hydrolysis of the s.ilts they form with strong ac^ds. * A 
number of these hydroxides are anipliotcric, and must accordingly he regarded 
as behaving as weak ue/ffs as well. Kor e\ampli“, aluminium hydroxide is 
regarded as dissociating, in its (very dilute) aqueouS .solution, as a base, 
thus :— * 

• Ai{t)iT)g- '.\r- + tu)ir 

and as an acid, thus:— 

• Al(Oir).,^--n-.gA10,;f-lLO, 

• 

in each case the degree of dissociation being slight. It follows that stflf- 
nCLitrahsation siioiiM occur bctwi'cn basic and acidic aluminium hydroxide; 
but since salt.s fonnisf fKiin acids and weak bases arc liy<l)'olys<-(l to a 

very con.sidciable d(‘g*'cc in solution, tlie exlei^t to which self-neutraiisation 
occurs is very small ^ • 

Salt Hydrolysis or Hydrolytic Decomposition.—(Ordinary dis¬ 
tilled water is an extremely puor <'lectrolyLe, and its coiidfictivity eoiitinnously 
decreases as it is subje<de<l to niore and mot. jiuntication. lh‘,ro* w'alcr has 
therefore been snppose<l bv some c}l«■)ni^ts to be devoid of con<luctivity. This 
view' is, however, not usually accepted, and, on the fflipposition tlmt the pure 
liquid has a small condnotivitv aii<l is therefore sliglitly (le^ociatod, 
half a dozen dillerent inelliods have been employed to flelermine (be degree 
of dissoeialioii. * t'onsidi'riug tbe smallm'ss of tiu' qflantitT to lie determined, 
tlic various lesults agree rein nk.iMy well. 4’lie dissociatjon hji^knus to 
follow the coursi' H'-i Oil', any fiiitlu'r dissociation of the hydroxyl 

OH'—being (piite negligible. 'I'lio eoncentraiiou of h\drogen iony 
[ir] in pui;(‘ water, Ibeii, is equal to that of the byiiroxyl ions [Oil ]; the 
value is M X 1(T'‘ gram-ions per litre at '2i>\ and iiiei^iases rapidly w'ith rise 
of tcuiTperatufe. Coiisidewiig the eijiiilibrunn 11^0— -ll”-l-Oir, it follow'^, 
since [H 2 ^^] caiinol appn-<-ial)ly nrfler, tliat*tbe relal^otmhip 

• [H'] X |0f!'] = CfMistaiit (1'2 X 10“'^ at 2-")“*)^ 

holds in pure waiter, and also in all diluti; (Kihcous soludons. 

Tl’e dissociation of water, slight though iti>e, is ?^jfiicient to account for 

• 

' AiThciiius, Zfif.vh. ^tJr/isdfih i'/ii*.. 5 . 1. ^ 

^ liertiiolot, Con^t, roiil., 18.S0, 91 , 189. • 

“ Wiilkcr, Zcitsdi. phyntcal. Chnn., 1904, 45 ^ 82; 706. Ibyrotti {J. Anw. 

Chm. Sor., 1916, 38 , 574 i’«gaidn multiple tomsatioii as a phenomenon common to all 
electrolytes. * • • 

- * Hudson, /. Ai^er. Chem. Soc., 1909, 31 , 1130; vefui-cnccs to the motliods used by 
others arc there given. 
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the occurrence of hydrolysis in aqueous solutions of many salts, i.e. partial' 
decomposition of tl o salt into acid and base, brought about by water. The ' 
change ‘ 

■’ acid+ ba3o^?=^siilt +water 

ip, in fact, reversible; and provided eitiier the acid or the base (or both) be 
very weak-, the reversibility of the change is sutHeiontly marked to bo readily 
observed. Examples have been known for years. Thus, aqueoav solutions 
of sodium (or jiotassiuin) cyanide, 'borate, and sulphide possess the sj'iccific 
• properties associated with bases to varying degrees, and give alkaline reactions 
towards the common indicators p while the presence of free acid is easily re¬ 
cognised in solutions of ammonium chloride, I'erno chloride, zinc nitrate, etc. 

Tiio metiiods by which the degrees of hydrolysis of salts are determined can¬ 
not bo cntiTod into, but the explanation of the phenomenon hy means of the 
dissociation theory * may lie outlined, taking potassium cyanide as an example. 
This sif.l is largely dissociated in aipieous solution, KCN^^^^K'-f CN\ and 
since there arc also present the ions 11’ and OK', it is necessary to consider to 
what extent the changes K’-t-Oll'=?=^K()lI and IT-t-CN'^^flCN occur in 
the solution, v’ Formation of uon-ioiiised potassium hydroxide and prussic acid 
must occur, hut, wliile the first-named substance cannot ho thps produced in 
any appreciable (juantity, it is clear that the second will he formed to a con- 
siderahle extent, owing to the extremely small degreij of dissociation of that 
Bub.stance. Aa hydroxyl ions and hydrogen ions are used ly) in these changes, 
futther supplies arc produeeil by tlie dissociation of more water, since the 
oquilihrinm H,0^—ll'-l-OH' is destroyed; and it will he observed that the 
hydrogen ions are used up to a much gnniter extent than the hydroxyl ions, 
which tiierofore accumulate in solution. The increase in the value of 

[ OH'], with the consequent climinntion of [H'J.rgocs on until the value of 
H'] X [CN']/[HCN] reaches the ionisation consbint of prussic acid, when 
equilibrium is attain m 1. The result is, therefore, that water is used up in 
decomposing, a certain fraetion of the potassium cyanide, proilucing prussic 
acid, almost entirely nudissociati'cl, in the solution, together with an equivalent 
amount of potassium hvo’roxide, almost completely dissociat'*»l. Tu decinormal 
solution at 25*/‘the extent of hydrolysis amounts to F3,per cent.,^ and the 
solution has a pronounced alkaline reaction.^ ' 

The preceding example illustrates the case of the hydrolysis of the salt 
of a weak acid and strong base ; it may bo left to the reader to show that the 
salt of a strong 'acid an<l weak base should have an acid reaction in solution, • 
that the hydrolysis of the salt of a weak acid and weak base should he quite 
pronounced, and that the hydrolysis of the salt of a strong acid and 'strong 
base sbould be inapjirtciable. 

* First given, and i latln'inaiiccilly ‘Uwcloped, 'by Avrlieniu.s, Zcitsch. physihd. CJiem., 
1890,5,16, ‘ ' : 

'■ Shialtis, Zeitsrh..vhydka}. Cheu., 1893, 12, 107 ; Mad^sen, ibid., 1901, 36 , 290. ' 

® Since, in tenns of tlie ionic tlp.'ory, the specific pvopefties uf acids and bases are the 
properties of liydrogon and hydroxyl ions rosjioctively, water, in which these ions aro present 
in equal concentrations, is considered to bo neAUral in reaidion. A solution is then regarded 
as having an acid or niNline reaction according aa the concentration of the hydrogen ions 
exceeds that of the hydroxyl ions in solution or vicotyorsa. Acidity and alkalinity as indi¬ 
cia,ted by the commonly employed e>g. litmus, methyl-orange, and phimolpfithalein, 

usually, out not ah»ays, agree with these definitions. s. 




CHAT'TKU VIT. 

THE DETERMINATION OF ATOMIC WEIGHTS AND 
EQUIVALENT OR COMBINING WEIGHTS.* 

Introductory. —Tlie modern system of ntunnu weights is e^s(‘ntiully that 
due to Ci»nni/.z;iro, wdiose system of atomio weights, based ^n Avjtgadvo^s 
Hypothesis, Uiys puldislmd in 1H58. An account of the various systems of 
atomic weights that weie in vogue during tho first half of last eentiny has 
been already given in Chap. 1. 

(Tf tlie earlier inethods for calculating atomic weights, thosu Dased on tho 
Law of Uulong and Tetit and the Principle of Isomorjjhisui supply valmj.)le 
corroborative evidence as to the validity of tho results dedma'd l)y the funda¬ 
mental method, viz. tlie application of Avogadufs Hypothesis, and enable the 
atomic weights of a nmnln‘r of metals to be deduced where Avogadro’s 
Hypothesis cannot he appin^d for want of tho necessary data. In the case of 
the inert gases, none of these methods L applicable, and advantage is taKeii 
of the results obtained by a study (d their specihe heats^ 

The numerical results obtained by tin* application of the, preceding 
methods are, in gcncrid, only approximate ; this arises in consei[uenee of (i.) 
cxperimenUl errors inlicioiit in the doterminatiou oi^ molecular weights from 
vapour densities, etc (ii.) deviations of gases and vapours fc-om tho laws of 
the “perfect” gas, and (iii.) ti u approximate character of Dulong and DTit’s 
Law. To arri’ie at the exact values, two meth(^«lf*aro ayaUablo. Tiie first 
Is a chemical method, and consists in selecting for tho atomic weights of the 
elements tho.'^e multiples of their chemical ecpiivalents (or roinhinin^ weights) 
which most nearly approach tho approximate values obtained for the atomio 
weiglfts. The ecpiivalents may, by suitable experimental methods, he* deter¬ 
mined witlT grftit precision, ainl the selection of the ccyrect midtiplcs of these 
faluoii oRors ditticulty, even with approximate atomic weight values sevei^'d 
per cent, in error. » , • 

The second method is purely physical, and has btfin developed since about 
1890. It has been seen* in (Itiap. IV. that it is postible, froin aticiA'ate 
measurements of gaseous densities and corpiprcssibilitics, to deduct the 
molecular w'eights of certain gases with a higli degree of accuracy. Since 
the molecular formulte of the gases may be*readdjfdeterniincd, their exact 
molecular weights K^y be utili«d in deducing tho exact atomic weights 'of 
their constituents. For example, the Mmnic weight of carbon follow^^readily, 
from the molecular formula and exact molecutar wsiglit of carbfj*i monoxide 
or dioxide, whilst from the corresjxuiditig data for m(;thano,.the atomic weight 
of carbon may be inferred if that of* hydrtjgen be tissumed. This method is 
• 229 
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only of limited applicability, but has given a number of results in good 
agreement with Uiose deduced from the most accurate measurements of 
combining weights. 

Reverting to the uhemical method of detcr^)iiiiation of accurate atomic 
weights, it should be explained that the following is the plan actually 
adopted. The formnUe of the compounds studied are assumed. This may 
be done sinc^ the formula) can be derived from approximate atomic weight 
values. Supposiug''thon, as an example, that the atomic weight of' rsonic is 
sought; a known weight of silver arsenate may ho heated in hydrogen chloride 
until it is completely converted into silver eliloridc, and the latter weighed. 
Knowing the formulse to be Ag^AsO^ and Ag(ll, the ratio, weight of arsenate : 
weight of chloride, is clearly the ratio of the rnolecnlar weight of silver arsenate 
to three molecular weights of silver chloride, i.e. Ag^AsO^ : 3AgCl. If, then, 
the atomic weights of silver, chlorine, and oxygen be known (107'88, J15'46, 
and' 16*00 respectively), the atomic weiglit of arsenic (.r) is readily found. 
For " 

Wt. of silver arsenate (3x 107*88) + a-+ (4 x 16) 

Wt. ol silver chloride ii(U)7'88 + iih'tO) 

Since the preceding is a typical example of the maiim'r in wliich accurate 
atomic weigh'.;S are derived hy the chemical method, it will not ho difficult to 
understand how it is that certain atomic weights are of fundamental ini- 
pQjtance, entering as they so frocpiently do into the calculation of other 
atomic weights. Tlie fundamental atomic weiglits are those of oxygen 
(stamlard), silver, chlorine, bromine, iodine, .sulphur, ni.trogen, carbon, sodium, 
and potassium. A large amount of aceurjite work lias been earned out 
whereby it has been possible to derive the fiuidaipenlai atomic weights with 
a high degree, of accuracy.^ 

Of the numerous ^heinists who have, in the past, interested themselves in 
the accurat;e delormiuations of atomic weights, special mention must he made 
of Marignac knd Stas.'^ The values adopted for many years for the finuk- 
mental atomic weights wpe praetieally identical with lliosc derived hy Stas, 
whose laborious*, and painstaking work was regarded,.as being of extreme 
kccuiucy. It is now known that the work of 8tas was alVcctcd by numerous 
slight errors, anij tlie fuigj,ai'.ientul atomic weights have iu copsequenee been 
carefully revised. This task of revision, and also the determination of 
numerous other atomic weights, lias been carried out very largely by Profossor 
T. W. Richards, of Harvard IJnivm'sity, and his numerous collaborators.^ 

The atomic weights in nso represent relative values, referred vo an 
arbitrary standard; the actual weights of atoms arc not k'liown with 
certainty, and do not concern the chemist. Dalton originally scjected 
hydrogen, which has the -.jmallqst atomi 9 , weiglit, as the standard, and 
called its atomic weight unity; but the iuconvenienco of this clioice 
was* early* rocogniueJ. The number of stable hydrides the composit’ona 


^ For a-Jiscussion of tlio fuiulnnicntal atomic weights, soe F. W. Clarke, A Rccalcuiatim 
of the Atomic JVeiiik/f! (Sjmtl.soiiian Hi iscelluncous Collections, vol. liv., No. 3), 3id edition, 
1010. . < . 

* For their work on atomic v eights, soe Marignac, (Euvres coiuflUes (Geneva, 2 vols., 
19C*2); ac } Stas, (J‘^j,vres cowptttes (Brussfls, 3 vols , 1894). 

* 'H.e coll' ctod papers of It.chards and his collaht-ratoisare published in a volume entitled 
Sxperiincntdlc lJnt>-nnchin\gfn itbe.r AiotnijcwiUde (Voss, l.oi])zig, 1*^09). F(>r a summary, see 
Richards, Carnegie Institution Puhlicaliovs, No. 126 (1910); J. Chim. phys., 1908, 6, 92. 
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of which are accurately known, is small, and hence combining weights 
are usually measured witli respect to oxygen or a liajjRgeii, and must be 
referred indirectly to liydroren. Tii oaeii indii-< ei compiirison tfie expert* 
mental errors uttaclied to tlie aritecci^ciit data aji'“ct Sue final ; and the 

value for the ratio oxygen: hydrogen, which entered into liie calculation of 
many combining weights, was for years in serious error J’l\('n to-daiy*,' 
according to Noyes,* a slight uncertainty is attached to ^lie vabjc at present 
adopted, although for most purposes any error involved is neglij^ibly sniall. 

Ilcr/elius, guided by considerations of pvaetieal eonvenioina', omployed thoi 
standard and this was adopled for many years About the 

time of Dumas’syntli^‘‘scs of water,-the hulrogi'u scale was revived; a^coi'd- 
ing to the results of Dumas, D~ I5'9(i on this sealo, and he regarded the 
value 16 as probably correct. The suggestion, made later liy Stas, to adopt as 
standard oxi/tjen — Id, therefori' received little support, since it would have 
involved very little change in llu' atomic weight v.ilnes at that liiue^n u5o. 

The qncsti(;n of a suitable standiiid was again raised when, iluring the 
period 18S8-!Jn, it became clear llial, on the hjalrogen scale, ihc atomic 
weight of o.xygen is and not loyt) as had bcefi prcvKnisly supposed. 

Although the retention of hydrogen as unity lias been slvoiarfy favoured by 
Lotbar Meyoi* Scuboil, Clarke, and others, and still has its supporters, the 
standard oxygen advocated so warmly by Ostwald, is ia*v adopted by 
inloi-national agreement. A very practical advantage of this scale is that 
iho atomic wciglifs of a number of common elements may lie rtqiresentci^by 
whole nunibei’s' without appreciabl-' error. It is nevertheless true that a 
large number of atoinjc weight' moasuroments are only referred indirectly to 
oxygen, the atomic weight of a halogen being usually involvcil in the 

calculation,^ , • 

• 

Detkrmination of Atojiio Wei«ht3 from Analysi s of 
Gaseous CoMi’fi"XDs. • 

The atom of an element is the smallest part of it that occurs in the 
molecules of it.s compounds. The method to \ii'. htlfowcd in^eckmg its atomic 
weiglit is readily understo()d in the light of this definition* Two sciies of 
values are necessary : (i.) the*molecular weighls.unts coiiqipunds, which may 
be obtained in*a variety of ways (see Chap IV.); and (if.) tlie ameimt oi the 
element contained in each of the.se molcenles, Tiio latter set;ies of wdues may 
be deduced from the results of ebeinical analysis and the valui's found for 
the ^loleeular weights ; the reijuired atuinie weight may then be determined by 
inspectiom ‘^Tlie differont weights of one and tbo same element contained 
ill tbo various molecules are always niioh' multijiles or one quantity, which Ifi 
’justly called the atom bbcaiis.' it invariably enters the compounds without 
division” (Cannizzerob The ati^mic weigrtt is, in fict,*tho greatest common 
mgasurc of the magnitneUs (ii.).^ ‘ • 

The accompanyihg tables illustrate tiic application of tins method«to th* 


1 Noyes, J. Amer. Chem. Soc., 1^07, 29 , 1718 ; cf. Morky, iuutkso)iian ContribuHon 

to Knou-kdye,']m, 2 ^, No. 980. « 

2 Dumas, Co7:^t. rend , 1842, 14 , 537. , ♦ 

8 For a hill nccouiit of tin; various starnkyds tiiat haifts beeu auggcstei* and TlseU, « 
Miss Freund, The Sluiy of Chemical Coi^posiheii (Cambridge Uyiversity Press, 1904 
pp. 188-192, ' 
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leteriiiii)ation of the atomic weights of oxygen, hydrogen, carbon, and 
phosphoi'^is. In coliiinny lut! given successively; (i.) the name of 
ihe substance utilised;^ (ii.) the density (d),of its vapoxir, compared with 
that of oxygen under'Hic same conditions of thmporaturo and pressure 
(hi.) the percentage (p) gf the clement, the atomic weight of which is 
y'ught; (iv.) tlm molecular weigijt (3*2'/) of the substanfee referred to that 
3f,oxygen as ^2, and^calcidatod from (n.); and (v.) the weight (32^Z^>/100) of 
the element present in the moleenlar weight of the substance, calculated from 
(iii.) and (iv.). 


OXYGEN. 


I. 

II. 

HI. 

IV. 

V. 

Water 

0*f)<)31 

S3-78 

18-02 

16-00 

Nitric oxide 

0 JI378 

53 -32 

30-01 

16-00 

' Alcohol 

1-439} 

31 73 

I 6 - 0 (! 

10 00 

Ether . . . . 

2-316 

21-58 

74-10 

10 00 

Oxygon ■ . ' . 

ITOOO 

lOO-OO 

32 00 

3-2 00^2x16-00 

Carbon dinxidc 

l-37r.o 

72-72 

41-00 

32 On -:2x 16-00 

Ozone . 

1-&000 

100 00 

48 00 

48-00^3 X 16-00 

Osmium tctioif'Mc 

7-9or, 

25-11 

254 9, 

04 00-4 X 16 00 

% 

HYDROGEN. 



I. 

^ 11 . 

III. 

, ' 

V. 

Hydrogen chhuide ♦ 

1 13?)7 

2-77 

3G'47 

1 01 

Hydrogen cranide 

o-.^i: 

3-74 

27 02 

1 01 

Water. 

0-5631 

11-21 

18 02 

2 Q 2 2 X 1 -01 

Hydrogen .... 

O-Olibl 

100-00 

^02 

2 - 02--.:2 X rOl 

Ammonia . . . 

0-5325 

17-78 

17 04 

3-03--3x1-01 

Meihano . • . 

0-5<)12 

2.5 19 

lli-OI 

» 4 04 ^ 4 X 1 -01 

Alcohol .... 

1 439 

13 15 

46-00 

6 06 ^'6 X 1-01 


CARBON. 


I. 

II. 

III. 

IV. 

• V. 

Carbon monoxide . ^ • 

’’0-875b 

42-81) 

28-CO 

12-00 

Carbon dioyule 

1 -37.50 

27-28 

44-00 

12-00 

Mefnarfe . .. ^ . 

0-5012 

74-81* 

16-04 , 

12 00 

Alcohol .... 

1H39 

52 12 

40-00 

24 00 = 2x 12 00 

Ether . , . 

2-316 

64-78 

74-10 

48-00 = 4 xl2'00 

Benzene . . . ^. 

1 ■■ __ 

2 439 

92-23 

78-06 

72-00 = 6x12-00 


* Tlw listsiof volatile compoeinda arj merely illustrative, not exlianstive, 
a The “ theoreticar' value is given, fiom vliich the accurate noleciilar weight may be • 
.■.•abtained, , ^ * 
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PHOSPHORUS. 



II. 

111. 

1 

• 


i'jius|)mii<' .... 

r0047 

Kl-u 

34-07 

3 I -04 

Phosphorus tnchlondu . 

A-2'M 


137 1 

;.i in 

,, pciitiilluondo 


lire; 

12t)-0 b 

31 01 

,, poiitHsnlphule 

6t'51 

27-!'l 

•ijr-i 

6-7 03 =-7x31-04 

Pliospliorous anhydride. 

(;-8so 


•2‘20"J 

124-2 =4x31-04 

Phosphorus .... 

3-88(1 

lUO 00 

• 

12l-‘2 

1-24 2 --4 X 31 *04 


From ilio roRults (‘ont:iin(‘(l in tlie tables, tlio at(*mt(* .vol^'hts of oxygen, 
hydrogen, carbon, and p}n)S])iiorus are secji lo ho I’OI, lliOO, and 

‘U’Ot r('spe<aiv<-ly. The selection of 112 as tin* inolceular weight of ox^cn, 
on tiio assnmptioii that the molecule of ox\gen is diatomic, receives 

confirmation. 

it will be observed that in order to determine tbu atomic weight of ah 
cb'ment. it is not noress.iry to know its vapour density ; carbon aJtoi'ds au 
illustration of*this jioinl. Wlnm tho element is \olatile, as, f(»r iiistanco, in 
the eases of oxygen, hydrogen, and phosphorus previously cited, tlie vapour 
density merely serve;* to mdiento tho atomicity of the ^noleeide. A 
knowledge of tla^ atomic weight of an element may, in fact, pn'ccde its 
isolation in the free slate, as was tho ease with lluonne. . •• 

Thu method of determining tiic atomic weight of an element described in^ 
this section ceases to tie aj)p!ie;ihle (i.) wlien no compounds of the element are 
availaldi', «.//. the inert gases; and (ii.) wlien the element forms no volatile 
compounds ; in such easeS the moh'culai weights of tho comiMiimds can rarely 
he found. Instances are atlord(‘d by a*immljer of metals, ca/.»tho metals of 
llie alkaline eartlis. 'I’lie probability that The atomic•weiglit of an element 
has liei'ii correctly cliosen b)^ this metho<l 'arly dejieiuls upon the uurnbor 
of compounds it furnishes, the molecular weiglils of which can he determined. 
The atomic weights of the non-nmtals, winch fofwi numerous volatile com¬ 
pounds, are therifore known with practical certainty; l^i*t owing to tl^.e 
smaller number of volatile eiimpotmds supplied by tho metals, tlieir atomic 
w'eights, dedu»jtid by this inothod alone, cannot ho*HcceptOfl* with such confi¬ 
dence. In various cases, howi'ver, metallic <lerivatives arc known, the. 
molecular weights of whicli in solution can ho dctermincd'by the methods^ 
described in Chap. IV., therciiy supplementing the data derived fmm vapour- 
densTty measurements; w’hilst other methods of deducing atomic weights are 
available (see* next section), which confirm the rtisults derived by the 
Application ?)f AvogadroV principle. • 

Determination of.Atomk; WumiiTs by ArcRoxiMATK iv|E'”noi)s. ^ 

Attention has alrtiudy been drawn to jblie frv3t that tho ch*cmical equivalent 
or combining weights of the clernents may be determined with groaj- accnrac; 
by chemical methods. In order to select c<frrect multiples of the.se equiva 
lents for the atomic weights the (corresponding elements, approsiinlit 
determinations of tlio atomic weiglils may he made by the following metliod^:- 
l. Determifiatioii of tho apeeitic heat of tkc eh'iiicnt or * 0 ! its^corn^oimdi 
and the apfilieation of lavi*> ^uch as those of.Dulong and Petil 
Ncumarm and Kopp, to the residt (sec jif). 94-9G). 
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2. Doterraination of the ratio of the two specific boats of tbo*element in, 

tho form (see pp. 96-97). 

3. A^comparison of the general properties of the clement with those 

predicted undiscovered elc'mcnts required to complete 

the Periodic Tid)lc (sec p. 275). 

4. A study of the crystalline form of the various^ compounds of tho 

element and the apjiUcation of Milschevlitdi’s Law of isomorphism 
(see p. 74j. 

5. Coinparisoi^ of the transparencies of the olonicnts to X-rays. 

In 1901 Lenoist.^ drew attention to the fa(d that the specific opacity of 
an element for the X-rays boars a Simple relation to the iitomic weiglit. In the 
case of compounds tho specific opacity is an additive property, being the sum 
of the opacities of' the constituent atoms. Hmiee, whether the eloinent can 
be isolated in the free state or not, its opacity and approximate atomic weight 
areoapahle of licing determined. The method has been applied to indium,'^ 
and the Results show that tho atomic weight of this elcnient is 113'4 and not 
75’6. Tlio atomic weights of Ihorimn and (;orium have been similarlyfixed at 
232 and 140'2'> respectively, and for Ldneinum * the value 9T lias been obtained. 

6. In addition to the preceding five methods for arriving at the approxi¬ 

mate values of the atomic weights of the elements,"other methods 
are^jivailablc, based upcni spectroscopic measurements. In order to 
explain these it is iicci'ssary to discuss briefly the nature of siries 
lines in spe(;tra..® 

“In many spectra the lin^piave the apjx'arance of being distributed at 
random. In others, howcvci^hcre are lines whicli siicceod each other in a 
regular manner so tliat their positions may be represented by formulrn. Sucli 
a collection of lines is called {i,'tr:ries ; in the series tjie lines become closer and 
less intense on passing in tlic direction from red t6 violet. Usually a number 
of series co exist in the same spectrum, and oidy in very few cases has it been 
found possible to repiVsout all tho observed lines as members of series. In 
discussing 'series it is more convenient to deal with the wave 'number (or 
“oscillation frequency ”) than with the wave-length (X). The wavenumber 
(n) is IO 7 A., or tlie npmb^r of waves pur centimetre; and^it is usual to correct 
the yaluo to vatmun. ' 

In 1885 Balmer'" discovered that the linos in tho ordinary hydrogen 
spectrum could be ropresented with great accuracy by an equation of the type 


where N is a constant and for m the successive integers 3, 4, 5, . are 
inserted. The value of N is found to be 109,675, and, as it is t-f fundamental 
importance, it is spoken of as tho “universal constant” or as “llydberg’s 
constant,” for reasons which,will appear presently. 


1 Benoist, Compt. rend., 1901, 132 , 324 and 545. 

^^Benoist, ibid., 1951, 132 , 772 ; see also Indium', Vol. IV. of this s«rie 8 . 

5 Bfenoistand Coj)aux, Ooinpt. reM., 1914, 158 , 689. * 

* Benoift and Copaux, ibid., 1914, 158 , 859. 

^ The authors wish to exp-ess their thanks to Mr W. Jsvons, B.Sc.Tiot kind assistance 
inihe preparation of this section. For furtlier details the reader is referred to the report 
on “ Scries Lines in Spectra,” in Afonthly Notu'cs of liuijal Asitonom.cal Soc. , 1914,74» ! 

Fovler, Tl^e Baker^u Lecture, I'hil. 7Vans., *i914, A, 214 ; Nature, 19, '• 4 , 93 ,145 ; Baly, 
(Longmans & Co.,..2nd edition, 19rJ)- , . 

• « Balmcr, IFmi 1885 , [iii.], According to % measurements of Curtw 

(iVoc. Roy. Soc., 1914'. A, 90 , 60.5), however, thc.< rst six lines of the hydrogen spectrum are 
not exactly represented by Balmer’s formula. 
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It is e^sy to see that N/4 is the “limit” or end of the sones, correspona- 
ing to 00 . Denoting the “limit” (or “convergr-ice irequenoy,” as it is 
sometimes called) by Ralmor’s equation may 1 " 'ritwii * 

n == ‘fly* - 

The work of It;^U)org^ showed that a great many similai’ soricB ocmir gx. 
spectra. Tlio series could not, however, Ik; rcpixiseiitod by Hammer formula?, 
although very good r^jpresentations could be ol)tained*by equalions of the 
type 

'// ~ II - i\7(/a + p)-. 

In this equation N is*the “universal constant” of value 100,075 ; and fi 
arc two other constants special to each seri(‘s. The vaVio of p is usually 
fractional, and which denotes the “limit” of the series, is no longer 
e(jual to N/4, as in Balmer’s equation. 

it may ])e stated at onc(! (hat the ItydI'erg formiilie usually faiUto repre¬ 
sent series within the observational limits of error, and more exact formulee 
have been devised. These differ from Rydberg’s forn\jila in that llie expres¬ 
sion (m-fp)- is modified, (i.) by Kitz to (w + a +/i/w-)'-, (ii.) by luiwler and 
vShaw to + a, (iii.) by Hicks to (w- + a + /j//a)^, and (iv.) by Panlson to 

(va-fp)V" , where a and ji and b are constants.^ The foimuV*- of llitz has 
tho^isadvantage tliat m some series (sharp scries, vide infra) m does not have 
integral values, bfit 1ms to be put equal to 2‘5, .T5, 4*5, etc. In the seqjucl 
Rydberg’s formula will be used; the necessary modifieutioim to obtain*the 
Ritz, Fowler :md Sha^v, Hicks, and Raulson equations will be obvious • 

In the general case tliree associated series are found in the same s])eetrum. 
They are rehuTcd to as (be Principid, Diffvnei^n- 1st Subordinate), and S’Aarp 
(or 2nd Subordinate) series; and tlie names are ab)u*c.viatod to V, J), and S, 
The limits an^ denoted by Poo , Hoc, and Sr/j respectively. Willi the Rydberg 
formula tlio first lino of a prinei}>al series is given wlien m~] : with the 
subordinate series, when m. = 2. 'I’he relationships between the three series 
arc shown iu fig. 7^5, winch refers to the spectrum of lithium. 

The eqiialion.s t ' tlio P, I), S series may be wiiden , 

P. -i/. P(wi) = Poc - N/(^?J- 1 -;')^, whore va = 1, 2, 3, . in succession. 

D. n-1 - N/(m-f-t/)-’, „ m-!J,*3, 4, .. * 

S. n~ S(m)= Soo '-N/{m+ .7", 7/i—2, .'t, 4, . . 

Several remarkable relationships liave been discovered which coniKM^t these 
seridSi, vii^. (i.) Deo =Soo, (li.) I'co - l)oo =P( 1 ), and (lii.) S(l)-- - P(l). 
From these lolationships it follows that the seific's ecpiations may be 
•written:— • . • 

P(m) = N[l/(l -I- s)2 -kp)^, or {*l » -tnip) for short, 

, D(m) = N[l/(l»fp)--,l/(m + (i)-|, or (Ip-wuD/n'fihor^ . , 

and S(m) = N(1/(1+p)'^ - l/(m+ 5 )-^], or (Ip-ms) f(fr short. , 

* Rydkorg, K. Sveiiska Vct.-Al-ad. JIandl., 184^0, 23 , ^No. If ; J’ari^ intfrvaiional 
Reports, IflOO, 2 , 200. For d saimmury of tho fust of tlicso pajicrsf bcc Rydbrvg, Phil. 

18S0, (v ], 29 , 331. • * 

2 Kitz, Physilgil ZeUsch., 1903, 4 , 400 * 1908, 9 , 244. 521 ; Ani^. Physik mZ, ^iv.], 
12 , 264 ; 1908, [iv.J, 25 , 660 ; AsUophys. J., 1908, 28 , 237* towlcr and Pjfoe Roy. 
Soc., 1903, 71 , 419 ; fiicks, vide ‘infru ; baifisoii, Lwids Univ. Am^krifl, N.F. Afd, 2, 
1914, 10 , No. 12. Seellalni, Trans. Ro^, Soc.J^ldm., 19(^4,41, 55f. 
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/ 

When each comj/onent of a series is a doublet the series relationships aw 
more involved. A P doublet senes iiiay be regarded ai m^vlo up of two 
analogous single line seric.s wliicli converge k) the ^aiTie liiftit. Corr>spiiudiDg 
linos in these two parfc-scrici are said U> form the of a doublet; 

and the dilleronou between the wavo'iuiuibers ol the components is termed . 
the “ interval ” or ivia'iitiou ditlerencc of the douUh't. Tiio int.'iwals of the 
succossivo doublets in a P scrii!.s converge towards /.oro as m inercaae'sT 
Associated witli a I* doublet serums arc 1) and S douldo? seric!?, but in these 
series tlic doublets do not (dose up but liavc a constant interval. Tbe interval 
is tlie sanio for an S douldcl as for a 1) douljltd, and is furllu-r lapcd to tho* 
interval of the first P doublet. The data 'Jiven ni tin' aci'oiniianying table, 
referring to some of Ibc donbh.'ts in the P, D, S series of rubidium* will 
serve to illustrate the preceding stateim'iit.s: - 

RUBIDIUM SERIES LINES. 


I’lincipal Senes 

Diir. 

lUllil'.t; Senes 

Dill'. 

^h.ii’j) Series 

Dilf. 

n. 



71, 


n. 


]2,r.7a 

12,817 

' 

288 

12,887 

18,121 


234 

13,494 

13,732 

i' 

238 

28,715 

1 

77* 

ir.,872 



16,229 

•) 

238 

V‘J,7t)2 

r 

lri,107 



16,467 


27,814 

1 

» 

3.5 

17 4t)o 


2;;t) 

17.681 

I 

237,. 

27,m 

r 

17,099 


17,918 

r 

29,8'H 

1 

5§ 

18,10.0 



is 546 


235 

2a,S.f,:} 

r 

1.8,041 


2jij 

18,781 


.80,958 


10 

19,0(15 



19,101 

1 

2'r' 

80,908 


19,241 

« 


030 

19,333 




Doublets may be often recognised by tile eye, but-frepuciitly the doublet 
intervals are so large that other Kpcctnim linos conic between tin;’compoinmts 
of a doublet, which arc thus diiliculL to find It will be noti(a‘d that the D 
and S series for rubidium overlap iu this manmu’. 

Tict the six sh.glo line series which together constituteJ.hc*throe associated 
P, D, S doublet si.'fios he deubted hy 1V Then \\'-o ■= l^w . 

The following*relationsliips, strictly analogous t</ those already given for 
single series, are also found to liold good, vi/, (i.) l>,oo — S,oo and l)..cc rsSgOo, 
(ii.) Pjoo - Sjoo ~I’](l)and \\x> and (iii.) S,n) 

8 - 2 ( 1 ^- -P 2 (i). From th(;sc ndationshijis it is easy to deduce tluit the six 
series oqu»t!oys, in the .ahhrevialed notation of p. ib'iri, bocomo: — 

Pi(m) --l.i - More rcfrangdile. 

-Dip.,. L^SS « ,, 

= ]pj _ uid. Loss 

\p.^^ nut. More ,, 

‘^j(/?4“l;q- '»(.■?. L('ss» „ 

S, (m) - l/j., - DU. A; re ,, 

If, for a detiuite value *of //i, S,(w) is less than it will be clear tjiat 

I)j(m) is also lesstthau but that T’|{?») is greater than i,e. 

the more refrangible components of* the 1) and S doublets are ya«sooiAted 
with the 1 es.s refrangible components ofAho 1 ^ doublets, and rice 

The various relationships bet\\;cen the P, series aro strictly ^ 






238 . lioDKBN raoRaiiNic chesiis^r^’. 

analoguua to tliosc oetwecn P, I), S doublet series. The I" series, ((jr instance, 
is made up of thA'o single line series which converge to a cotnnion limit. 
Correspoif ling lines'eonslituto the components of a triplet, which is usually 
regarded as ha'.ing twcKVitcrvals, viz. that betwoef. the middle and the least 
refrangible line (i',) and tluit between the most refrangible and the middle 
iiiio (I'g). The values of j-j’and y.j converge to zero as increases. In the 
D and S triplet series the values of and r., are constants; Fj and r., have, in 
general, diileront vaTues, and, moreover, are eipial to the intervals of the first 
P triplet. I'urther, the limits of Dj( 7 a), D.Jm), the part-series which 

together constitute l)( 7 a), ai’o respoetiveiy eijual to the limits of ‘S,(w), 82 ( 771 ), 
Sj( 77 i), the part-Horios of 8 ( 777 ); anil so on. 

A fourtii type of series, the Ftiwhimentdl or F series, may bo mentioned. 
In the simplest cast; it is represented by tlio equation— 

K(77i)= N/(*J 4-^/)^ - NV'a-, 77( = ^1, I, . . 

and the relationship Doo - F'/d = I){ 2 ) is found to hold goodd 
, The lines bolouging to one and the same series are similar in character.- 
Ijines in diftcrent speCcra {i.e. the spectra of <liirercnt elements) that are 
similar hi character and correspond to the saino value of m in series of the 
same type are called Ao77io^a(7o?78 hues, in a similar manner it'is possible to 
talk of homologous doublets, triplets, and series. 

It has been mentioned that one senes of lines, the llalinm* series, has been 
found in the hydrogen spectrum ; other series arc also kiiown in the same 
spectrum, and the same is tnio for tlie spectra ('f helium and neon. The 
Spectra of the alkali metals sodium, potassium, ruhidiurp, and e;esimn contain 
P, D, and S doublet series, and it is very probable that wliat ap})ear to he 
single line scries in the lithii’in spectrum are really "close doublet series. 
Aluminium, gallium, indium, thallimu, and probably scandium, yttrium, 
lanthanum, giulolinium, and ytterbium show doublet series in their spectra. 
The spectra of magnesium, calcium, strontium, barium, radium, zinc, 
cadmium, mercury, and europium contain triplet series altliough all the 
P series are not yet known. 

One of the mpst-valuable nietluMls for detecting homologous lines and 
seriesds to exaninko ^.he influom^e of the magnetic ti(!ld on tlio spectra. When 
a source of light which gives rise to a line spectrum is placed in a ])owcrfnl 
magnetic Held, many of the spectrum lines are found to ho resolved into two,, 
three, or Oivcn more, compements, lying close togctiier. Tins was discovered 
by 2 ®cman in 1806, and is called the Zctunan It is readily accounted 

foj on the hypothesis that an atom consists of a central core surrounded by 
electrons, to the motionrs of vvliich the spectrum lines the element 
flue; for the inotltms of tlio electrons, which are electrically charged,, 
Would bo aflected by the magnetic Hcdd. 

It was discovered by ’’rcston^ tiiat, for tlio same magnetic field, all lines 
' "belougiiig the same scries exhibit exactly the eame magnetic resolution 


* For fur.‘’her details coiictnaiiig F scries, and for discussions of (i.) the “ satellite’’dines 
associated witlrcertain D scric and (ii,) the ‘ ‘ combination ” principle of Ritz, the referencc.s 
already given may be coiib^ulted. 

In observing the charueter of lines it is nejc.ssary 'to notice whedier they are .sharp or 
diffiVse loyy or short,,and readily self-reversed; how they are all’cctcd by the magnetic held, 
self-indu noiijc'^tc. 8 ce Haly, 0 ^m .9 ai. 

® Zeeman, Phil. Afarf., 1897, [v,], 43 , 226 ; .pf, 55, 2.')5 ; 1898, [v.], 45 , 197. 

* Preston, isci. Traii^-i. lioy. liiill. hue , .tSDO, [’i.], 7) 7 ; Phil. Mag., 1898, [v.], 45 , 325, 
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wnen tiie results are lexprcsscd in wave numbers; and Iliinge and Pasohen ‘ 
found that'this law could be exlendcd to correspoii'’ c' cries for different 
elements. From the point of view of the Zeeman ctfec ./ it is neoi^sary to 
consider a doublet (or triplet)’series ns being nmde^iy of t^wo (or three) 
separate series, since the components of a doublet (or *li' plot) usually exhibit 
different types of I’^soliition; in the case of helium, howmer, ihc types are 
all the same and of the simplest v.arioty.^ 

The liiftt definite connection between the spectra of vlliod elonK'iit.s and 
their atomic weights was discovered liy l.cco(| dp Ifoisliaudi’an,'' who was 
thereby enabled to calculate the atomic weights of gallium and germaninm 
by comparing tlieir spectra with those (»f analogous elements. Better 
methods have since bden devised. Itydbergi noticed that wlicn the lioino- 
logous series in the spectra of analogous elements K, Uh, (Is) were 
compared, the intervals of tlic doulilets or triplets in the I) and S series (or 
what are equivalent, viz. the intervals of the Hist P doublets or Irqdets) were 
nearly proportional to the sipiarcs of the atoinie weights. For '(islanee, 
comparing the I) and S triplet series of cadmium and zinc, and using the 
notation already employed in this si'ction, it is found tli^it— 

while 

Cd h'Zn- 2 9C(i, 

in odher cases, however, the agreciiient is by no moans as close.''’ Kiinee and 
I’recht® assume that this proportionality is exact, provided tliat some ot|«jr 
power of the atomic weight be taken, this power being approximately equal 
to two. Aceordingly,,.tbcy jilot the logarithms of the atomic weights of 
analogous elements against the logarithms of the homologous doulilet or 
triplet intervals and snppqge that the points obtained lie cm a .seric.s of 
straight lines, one for each aeries of analogous elenieiils. 

Kunge and I’reclit applied their metliod-to deducc„the atomic weiglit of 
radium by comparing its spectrum with the„speelra of magnesium, c.ileium, 
strontium and barium, and deduced the result Ua - - griV-.S. Ordmary chemicol 
methods, however, sliow that the correct v.iliie for t^ie atomic weiglit is 226.' 
The method of j,tuage and I’reeht is therefore inex'iel. fj,^lie relationsliip 
between the logaritlims of thij atomic weights .and of the**frt’i|uency intervals 
i.s, in fact, notoetrictly linear; but an empirical'eejmectipn„niay bo deduced 
between them and expressed in an iiilerpol.'ition formula of the type:. 

log at. \vt. =a + S(log r) |-(•(log r)= + d(log r)’+ . 

Who» those equations aro dciUicod for tlie various families of analogous 
elements ii is possible by interpolation to obtain atqmic weiglits with con- 

• ■»' ' 'i ' ■ ' ■ ■ ' ~ ..— 

’ Rungeand Paschoii, AUfophya. .A, 1902, 15 , 235, 3^)^ ; 16 , 118, 123. 

See this volunif, Part y, tor a fiill disciissftm of tlic ZfutiRiU cllect, sco Zci’inau, Re- ■ 
se.irchesin Maytielo-OphcsiWwmWnw^ 1013). ^ 

* Lccoq do Boi.sbauJ^an, (fompt. ryhul.^ 1809, 69 , 44C, 600, 0rJf,^694 ; 1870, ^0^*144, 
P74 ; 1880, 102 , 1291 ; see also Miss Freund, Study o/ C/ic.miral Compontion (Oanib* Univ! 
Press, 1904), chap. xvi. ; or Wiutz, Vidwnnnire de Chnni/t, Supphmtnt, p. 859; and cf, 
the criticism of Ames, Phil. May., 1890, fv.], 30 , 33., Amos’jyiiiper contains ai" interesting 
account of the early work on 4!io relations between the lines of\'aii»us spectn* 

* Kydher^',/oe. cif. , •» * 

® Marsliall Watts, Phil. Mag., 1903, [vi.jf 5 , 203 ; 1904, fvi.l, 8 , 279; cf. Uuni'e ibid 
1908, [vi.], 6 , 698* , ■* 

® Rungoand Precht, Phil. May , 1903. [vi ],»«>, 476. 

’SeeVol, III. • * 
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siderablo accuracy. The deduction of atomic weighrfi by oxirapolatloDj 
however, is naturaJly less accurate, but nevertheless Watts haa ^iiown that 
by extvapplatinf? tin- curve for Mj;, Ca, Sr, and Ba a good value is obtained 
for the atomic,weight I’iidium, vi/,. 22<i'Gd ' ^ 

The \uiocrtainty adaciiing to the preceding method is increased by 
Zeeman’s ()l)servatiou that lithium does not fall into lipc with the other 
*^ikali nietals.- 

Anothcr fclationdiip between the wave numbers of certain homologous 
lines of analogous (ihuneuts has been obsei’ved by Kamage, viz. that the 
'differences between the wave numhers of the linos arc proportional to the 
difforences between (be squares <rf the atomic weights of the elements.^ For 
example, the following are homologous lines:— * 

' ('a. (ditr.) Sr. (dill.) r>a, 

71 = 23,657-9 21,703-7 ' 18,004-6 

(l<)r)|.-2) (3039-1) 

r 

If, then, the atomic weights of calcium and barium are taken to bo 40*1 and 
137*4 respectively, and the value for strontium is denottMl by .r, 

. V {.r'i- (40-l)''}/{(]37-4)'-^-,r'^| 1951-2/3G39-1, 


whence a: = 87-42, in good agreement with the experimental value.* The 
relationship tf-ms illustrated is, however, only of limited application, in 
general it is not possible to choose the analogous elements so that some a?-e in 
Metidelceff’s short periods and the others in the long periods (set- <3iap. VIII.). 
The connection between the stpiaro of the atomic weight of an element 
' and the doublet or triplet intervals of its 1) and S stories bus been furtber 
developed by Hicks.Any of the series equations already mentioned may be 
written in tlio form " ^ '■ 

n-}/<!> J], 

where is the ‘^limit” and <fy,„=7ii+ a fractiun, tlu; fraction btdng in 

general a function of the 'in. If Hus etjuaiion deiiolt's the loss 

refrangible comjiommts of a |) or S doublet series, then, instead of representing 
the more refran^vJileicomponents by the ctjualion r- 

.t=N[i/(^;y^-i/(/.*;^j, 

' • ' f 

as was done, for instance, on p. :Ji!7, tlie alternaLivc form, viz.— 


may be utilised. Similar Cfpiations may bo written down for 1) and S Uiplet 
series, provided two dillorent magnitudes Aj and oinplbycd. As the 

resvilt of a critical examination of tlie line spectra of twcuty-fl've elements,' 
Hicks concludes thatAhe nia'^nitude A is, or» the magnitudes Aj and A.^ are, 
multiples Q.^ a quantity'(9()-4725 ± 0-013)W‘^.10“\,wliich is called by Hicks 
the OT^n and denoleh by Sj; W is tlio atomic weight of .the element, Sibce 


1 Marshall Watts, Vhil. Ma^., 10(44, 8 , 279 ; 190!', fvi.J. i 8 , 411. 

* Zft’iniii, iVfic. K. Ahnt U'cU'nsck. Am4ei't/am, 1913, iC, If'f). 

** lUinage. Proc. Hoy. >lor., 1902, ye, 1, 303. c 

i Maislmll Watts, Phil. May., 1903, [vi.}, 5 , 203; 1904, [vi.], 8 , 279 ; cf. Range, ibid,, 
1908, [u*], *6, 693. ' ' . 

“ W. M. flicks, Proc.Jloy. Hoc,., 1910. 83 , 226 ; 1912, A, 86 , 413; 1913, A, 89 , 
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the values of Aj,*and Ao are large multiples of the ouu, it would appear at 
first sight that Hicks’ results aftorrl no evidence (hat y^ie atomic weiglits 
utilised, i.e., those at present in coiumon use, ai^ tlu correct mifltiples of 
their combining weights, brifc ucvertlioloss certain uu|.oricnl relationships are 
observed whicli enable the elements to*be arranged in groups, and these groups 
arc found to coincid with the sub groups of the I’eriodie Tabh. (see Chap. Vlll.]^; 

the values of A^ + A.j for On, Sr, Ha, Ra all appear to bo m'']tiplos of 58^ 
those for Cd, ITg are multiples of etc. The most interesting feature 
of Hicks' work, however, from tlio chemical point of view, is that it suggests 
the possibility, when the requisite spectroscojiic ni<'asiircinents liavo all bCeii 
brought to a uniformly liigh degree of accurAy, of being able to calculate the 
atomic weights of the clemcute with an accuracy equal or superior to’that 
whicli can be obtained by direct chemical synthesis or analj'sisd 

The various spectroscopic methods for deducing atomic weights, here 
outlined, were not developed \iiitil the modern atomic weight table had been 
firmly established, and few, if any,'atomic weights were in donhf Their 
applicability is therefore limito<l to elements tliat may bo discovered in thtj 
future; but tlioy obviously alibid valuable eonoboratA’c evideuco in favour 
'of the atomic weights at present accepted. Similar lamuirks ap|Ay to Wmotst’s 
X-ray niothod*fp. 234). 

Breoau'I'ions to hr ohskrveu during the Accurate Determination 
• OE Atomic VVekuits.* 

With increasing knowledge of any .science, there comes the demand for 
greater accuracy in thft experimental work. Conse([uoiitly the rough analyses 
with which chemists jvore satisfied fifty years ay,^o havi' given place to more 
accurate determinations, aiid metliods which were then regarded as satis¬ 
factory arc now discarded as yielding too great an experimenfal error. In 
no sphere of science is this realised more aciTtidy than ir# the one now under 
discussion. Whilst a c«‘ntury ago the atomiC'Weights of many of the common 
elements were not known with certainly even to within one or two units, 
numerous investigators in recent times lia\ (‘ spi'iit j-^ars in determining them 
accurately to tbi second place of decimals; for exam^;, tt*has nowjjeen 
definitely shown that the atomic waught of nitrogen mbre correctly 
represented number 14 01 (0 = 10) tluln*hy i»4 ff4, which latter 

number was generally accepted until about the year 1005. ^ 

First among the stops which must he taken in the perl^u-inaneo of any 
accurate atomic weight determination is the choice,of methods to be used, 
involving t|ie careful study of the nature of the substances which will best 
serve the purp8se in view. Many an otherwise oxcoJlent piece of work has 
Ifcen tenderiti valueless by ^ wiong choice of material at the beginning; 
for often no amount of care ca» obtain sigiiifi<8int results from unsuitable 
___ _ __ _^_ * _ 0 _ 

^*For an attempt to ejprcss the coji^antn in the Rydberg forniuhcfifr analogous ol(;pients 
as functions of their atomic uoights, sco Kaniage, hx. c>L Various atlenipls have been 
made to connect the spectra with the atomic volumes of tho elements ; see Hiclas, loc. dt. \ 
Halm, for. cit.\ Reingaimin, PhysQal. Zeitm-h, 19W, 5> *>01^; Rossi, Phik May., 1911, 
[vi.j, 22,922. • • 

^ This and the 8U*3peding sectiUn on the atomic weight of lithium are adapted 
and condensed froiji the excellent memoir l>y Theodore W. Richard^, publislj^d by the 
Carnegie InstitiitioH of Washington, 1910, No. 125. ’The authors desire to*ackn#wledge 
the courtesy and kindness^of Professor Riohartfe iftid of the President of^the Carnegie Institu¬ 
tion for pcj-mission to make full use of this jpemoii^in the present work. 
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jubstances, and a bad method may nullify the falu/ of many elaborate',' 
precautions. 

To mrke cloarei the importance of careful forctho\ight, it is worth while 
to empliasise some of t'lo precautions which m^st bo taken in choosing the 
best conditions in the determination' of an atomic weight. Four main 
requirements must be fulfilled at the outset if the work is to have any value, 
fn the first place, a compound must be selected which may be prepared in a 
perfectly j)u^e stat^. Secondly, this compound must contain, Lbsidee the 
element to bo studied, only elements with definitely known atomic weights. 
Thirdly, the condition of valency of the elements in this compound must be 
definite; thus, for example, an" iron compound must be wholly ferrous or 
ferric. Fourthly, the compound selected must be capable of exact analysis, 
or else of exact synthesis from weighed quantities of the elements concerned. 

All these four obvious requirements were perfectly clear to the early 
masters, Marignac and Stas, who endeavoured to work always in accordance 
“with thtir demands. Their fulfilment, however, is not always easy, and it 
often requires wide chemical and physico-chemical knowledge to choose 
rightly the substance to bo studied. 

.Th* material and methods having been chosen, the following work 
resolves itself into two parts: first, the qualitative task of t!io actual pre¬ 
paration of enough pure substance; secondly, the quantitiitive task of 
determining ^ts composition, of comparing it with weighed amounts of 
other pure material, or of measuring some other specij'l property under 
investigation. 

. Purity of materials is not always sufficiently sought. Even Stas, at 
times, with all his precautions, did not always attain d- perfectly satisfactory 
result in this respect. . - 

The q\iaiititativo process, which follows the qualitative purification, may 
consist eithci of chemical analysis or of physical measurement. Chemical 
analysis is, of coursoi very different from the qualitative preparation of the 
material, although in both cases the experiineuter wishes to obtain, at the 
end of his experiment, a perfectly jiurc substance uncontaminated by any 
accidental impurities. Tim pioblcm of the quantitative determination is 
vastly increasoT in difficulty by the fact that not onlj^ ir. ist the final sub¬ 
stance be pufe, hot also every possible truce Oi that substance must be pro- ^ 
duced that can bo produced. In the qualitativo* purificativ^n 90 ])er cent. 

' the substance may be lost without any anxiety; but in the quantitati^ftj’^ 
estimation even the thousandth part of 1 per cent, must not bo lost ifit^' 
can be avoided; and if a minute percentage is lost, some process must 
undertaken to prove its e.\act magnitude, so that due correction may^bCiV' 
made. Physical inen^direment, whether of density, teinperaTurc, pres^iir^, 
electromotive force, or any other property, is also entirely distinct* from 
qualitative preparation. ^ “ 

pc;.*taiL considerations apply to nearly all chcmicab work, whether 
qiiaiiUtivc or (pidntitative, since several'physico chemical tendencies' of 
matter greatly afiect the purity of nearly all preparations. The generality 
of these tbndcucies arise from |.he fact that materials are generally purified- 
by changing the stat'c oi^ phase in which they existc For -example, a salt is 
purified by dissolving and crystaltising it, taking it firsts into a liquid phase', 
and th<ii\again fringing it buck into tbo solid condition. A b'quid is purified 
by di^illafon—a proceR'.j involving., a double change of phase. Thus the 
exact purification* oftected by any such process depends in each case upon 
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what napp^ns at the moment of formation of the new phaje, as well as upon 
the completeness witli which this phase may bo soT).'rated^ meclianically from 
tho residual one. • 

The complete separation of the spbstance conceli^cd depends upon two 
different factors. Firstly, tho phases must be sop;irate<l completelj from one 
another, otherwise • each will be contaminated with the other and thus ' 
rendered impure. Solids, for example, must have adherij^g to tlicm none of 
the liquid from which they were separated, and no liquid nnisl be enclosed 
in colls within their substance. . Jdqtnds must retain none of a finely divided' 
precipitate, (lases must be freed from fine drojjs or impalpable powder be¬ 
longing to the phase from which they were to have been separated. This,part 
of the separation is purely a mechanical one, involving tho^use of separating 
methods which depend, for their elhcieney, upon the different properties and 
characteristics of the phases to be separated. 

On tlie other hand, another more insidious cause of imp\n’ity exists in 
the tendency manifested by a pliasc to dissolve a portion from any other 
phase with wliicli it may come into contact. This temlcncy manifests itsoli 
in solids as the so-callcd solid solution or isomorphoiis mixture; in liquid s, 
as solubility; and iii gases, as the vapour tension of the iinpurity.^Tl'he 
contaminating substance retained in this fashion is not merely liold in 
moclmnical fashion, but becomes physico-cheniieally a part the phase 
whidii contains it. 

For example, ttie usual ways in wliich solids formed from liquids may, be 
contaminated may be considered, 'the crudest and most obvious cause of 
contamination is purely mechanical; much liipiid adheres to the surface of 
the solid. In the preparation of pure subslances the centrifugal draining 
of the crystals is of diioriious assistance in eliiAiiiating this adhering mother 
liquor. Tho advantages of *eenlrifugal action, wliieh lias longJ:)een used in 
tecluiical processes, have been apprecialeil ly few scientific investigators.^ 

A less obvious, bub merely mechanical, cause of incomplete ^tqjaration, 
arises from the fact that all precipitates or crystals made from fujucous 
solutions contain included water which does nut belong to them, even, for 
example, the beantjfully brilliant and apparently qmte «dry crystals of 
electrolytic silver.This apnears to be very pure, but'-V reality coiHaina 
both water a nd si lver nitraie im])risoncd in ipii^utc cells^ tliroiigiiout its 
structure. Thus, as a rule, every .‘<oii(l prepared from a liquid which is to be 
weighed witli accuracy should be fu.sed in a dry atmosphere•heforci*«oighing 
in order to expel the accidental water. Merely heating to 200° C. or more is 
not (^joiigh, because the traces of included liquid are not able to force their 
way out of*tho*firmly knit solid structure. * 

Wjvter rqpy bo held, not merely mechanically, but also in ehcmkal 
mshion with great pertinacity. Tiie presence ofiunsusp^ected traces of water 
constitutes one of tho most insidiou.s soiiVccs of ewor in precii^ chemical 
worjv. It is not easily Sound Jiy cheinic,al tests, and ^fton produlbel^ no 
important change in*tho outward appearance of the substance in which it 
liirks^although its presence may he far more injurious than almost any other 
impurity. To illustrate this, suppose tiiat the atomic weight of lickel is the 

^ The consistent tins pioresv lias cf>»tiihuted rmieb to the of the IJarviy-d 

work on atomic wt4plits. • * « * 

* Rayleigh and Sidgwick, Phil. Tram., I7S' ^70.* Kiohardsuiid Im co w<.i'ker9, 
Proc. Amer. Acad., 1899; 35 , 123; 1902, y/, *115. Zedsch. physilnl. Chem., 19C3. 46 , 
1$9. J. Amer, Chem. Soc, 191.'', 37 , *7. IlWett and co-workers, Tram. Amer. 
B^ochem. Hoe., 1107, 12 , 257 ; 1912, 22, 315. 
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constant to bo determined, and that O'l per cent, of resilual crystal water ia 
present ii) nickel brpniidc to be analyso<l. 'J’his comparatively small amount 
of impurity would raise the resultin}^ observo(i value for the atomic weight 
of nickel from 58'71 totfS O^, or more than a third of one per cent. The same 
amount of cobalt bromide present as an iinp\irity would cause an error only 
■ about 1/700 so great, namely, about 0 0003 -an amount '.Vholly negligible. 
The elimination nif water is therefore one of tlic most important experi¬ 
mental problems presented to the exact analyst. This has been solved at 
^Harvard by the gradual evolution of a very simple a])paratus.^ It consists 
of an; ignition lube Ail titled intp a soft glass tube (‘1) which has a projection 
or pocket 0 in one side (see tig. V4). A weighing botth is placed at the end 
of the latter tubc^.and its stopper in the pocket. The boat contiining the 
substance to be dried is heated in the hard gla^ss or <]uartz tube surrounded 
by an atmospliere consisting of any desinjd mixture of gases. These gases 
are displaced, after partial cooling, by pure, dry air, and the boat is puslied 
past the stopper into the weigliing bottUi by moans of a wire through A, the 
stopper being then forced into [ilacc and the substance thus shut up in an 
entirely dry atmosphere. The weighing bottle may now be removed, placed 
in an ordinary desiccator, and weighed at leisure.^ 

In numerous cases it is impossible to fuse a substance without decompoai- 
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tion taking place. It is then necessary to dry the substance, preferably in 
the bottling apparatus ulrcjidy described, under dehnile coudilioris that may 
readily be reproduef-d, and to carry out special experiments in which tlie 
substance,*dried as for an analj'sia, is doeomposod in a suitable manner and 
the water set free collected in a phos[)iiorus pentoxido tube and wciglit^d.® 
In other cases it is possible to obtain a substance free from water by a suit¬ 
able,.choice in "itj/v method of jirepar.ition. For instance, is impossible to 
prepare aniiydro'us selenium dioxide by flehjdrating seleiiious aind, but it 
can be accompfislied by^ synthesising tlie oxide (which-'iAblimes without 
melting), from selenium and oxygen.'^ 

Still considering the pernicious influence of water, there exists one other 
class of substances to be inenLionod—namely, substances which arc decom¬ 
posed by water. Tlie problem in such cases ia obviously not to eliminate 
w^tcr contained in tlie substances but to prevent access of water prior to the 
determination of their weiglit, and in general it is nec.e.s,sary to fake particular 
precautions to purify tl^e substances from tlic produces formed from th(>m by 

>-Richards, Zckscli. anorg. Chn)x., 1895, 8 , 267; Richards'and Paiker, ibid, 1897, 
13 , 86 ; Richards. Kothner, and Tiedo. J. Amer. Oum. Ssof.., 1909, 3l» ^» Ha^liai-ds and 
Willard, xbid., 1910, 32 4 : Cnrnegi.e, hisi. rublicalio'M, 1910, No. 125. 

* See aUd Egan and HidiK*, J. Amar, Chem. Soc., 1913, 35 * ^ 

^ ® Examples may be found in the work of Bai^.cr and others; see Baxter and Coffin, 
J. Amer. Chem. >Soe., 1909, 31 , 297; Baxter and Jesse, ibid.^lW^, 31 , 541; Baxter, 
Muellff, Lnd Hines 31 , 529 ; Baxter and Tilby, ibid., 19f«, 31 , 201; Baxter 

and Jm>oa, i&fd., 1910, 32 , 258 ; Baxter apd Chapin, ibid., 1911, 33 , R 

* Jannek and J.« Meyer, Zeitsek. EkUrheUm., 1913, 19 , 888 ; Zeiisch, anorg. Ohxm,, 
1913.83,51, 
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wie action of water.^ The chlorides and bromides of the non-metals are oases 


in point.’ * 

The solvent itself is not, however, the only i..ipurty eurried djown with 
the precipitate or crystal formed from a liquid ; tr|j:('s of any and all othet 
substances which may be in solution fire likewise adsorbed by the precipitate. 
Thus, in any ordinary metatheticul juecipitatioi/the precipitate is likely to 
contain traces of all the acids and ba.ses present, besides the com|)oiients con- 
stitufing the precipitate proper. Silver chloride, for ex‘^iinple,*\vlien precipi¬ 
tated from sodium chloride by silver nitrate, may contain traces of sodium 
chloride, of silver nitrate, and of sodium nitrate, according to tin.* manner oi 
precipitation. The ^ily way of guarding Jgainst tliis source of error is to 
use solutions at as groat a dilution as possible. Thao portion df the 
adsorbed substance on or near tlio surface of the precipiWite may usually be 
removed by thorough washirig, but some is generally inqirisoncd beneath the 
surface, and no amount of washing can eliminate this. Tliose procipkates 
which, like silver chloride, have a loose sponge-like structure, inaj'^thcrefore 
bo more sueoessfully wa.shed than the rigid crystalline ones; for the inner¬ 
most pores of the spongy precipitate's are accessible, while tliose of eryslallino 
precipitates are not. licnee such prccijiitates are eminently sukriJit for 
precise work.* 

Not only do solids thus formed from liipiids tend to hold tlio impurities 
which surrounded theib at the moment of their formation, but^solids formed 
from solids have precisely the same tendency. Thus cupric o\idc made by 
the ignition of the basic nitrate always contains nitrogen, which is t)bly 
eliminated at tlie temperature at which the oxide itself begins to decompose.^. 

The mechanical iftcthods for removing solid impurities from liquids are 
so well known thalj attention need not be directed to them here, except, 
perhaps, to reiterate tbft advantages of centrifugal treatment and to 
emphasise in passing the convenience an<l accuracy of the •Gooch-Munroe 
crucible, with a mat of polished platinuin sponge a:»a liltering medium.® 
The physico-ehemical causes of containinj^t/on of liipiids, liowefer, are less 
generally known. All liquids tend to dissolve a portion of eveiy other phase, 
whether solid, liquid, or gas, with which they ci^ne j^ito contact; e.f/. the 
vessels in whichHhe liquids are contained, the precipitft.teif ^jrodueed within 
them, and the gases above tITem. Sometimes the soluhilit^ is so slight as to 
be negligible more often than is generalty supposed its extent is 

appreciable. Stas, who employi'd glass vessels, was never alile free his 
salts completely from silica. Increased accuracy is now attained in modern 
woi^ by the use of vessels of ])latinum and fused quartz. 

The jwlu^nlity of procifiitates afFccts the result of final quantitative 
^anal^sisin obvious ways If the precipitate is soiflowliat soluble in water, 
*it will not ^1 be collected upon the filter, and some means must be taken to 
estimate the amount >v!iicf\-reflnuns iii »olnt.ion. M#reover, if some of the 


precipitate dissolves, the^nd point of the reaction becomes difficult tg (^tect, 


For snitable methods of proceduro, see Thorpe, Trans. Chm. Soc., 1885,47- 129; 

Hoskyns-Abraliall, ibid , 1892, 6 l, 650; Gaiitierf Ann. Ihim. Phys., J899, [vii.], i 8 , 
8.'52; Baxter, Moore, and B^vlston. Anar. Chem. Soc., 1912, 3 ^, 269; Briscoe and Little, 
Trans. Chem. Soc.., 1944, 105 , TUO.* 

* An appreciable part of the siipcriorif^' of the more recent deterniinatiou^ of atomic 
weights over those of Stas and his coiitrmpurani's is Vine t(^ the caveTul eliifiilati^ of this 
' type of error. , • • 

« o T? T Chem., ISas, a, ; Chem,^Nrws, 18^15, 58 ,101. 
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^aatnuch as the dissolved portion is precipitated by audition dj either oi 

the ions to which it gives rise. Thus, a solution of silver chloride is ' 
precipitated by eit) er a silver salt or a chloride.^ In some cases Stag' 
recognised thie tendoi)jp% especially in his 'lab=!r work; but he did not 
always sufficiently heed it. IIo dendsed a simple instrument for estimating 
the traces of precipitate produced by adding suitable reag.ents to such very 
dilute solutions. This has been improvetl and made more general in its 
application, afid has'received tijc name of nephelomeUr or cloud iteaSurcr.*-^ 
With this instrument minute traces of suspend(}d matter may be estimated 
approximately from the brightness of the light reflected. The construction 
is very simple; two test-tubes,'.lear togetlier and slightly inclined to one 
. another, are arranged so as to bo partly or wliolly shielded from a bright 
source of light by sliding shades. Tlie tubes arc observed from above through 
two thin prisms, which bring their images together and produce an appeal*- 
' ance, resembling that in the familiar half-shadow apparatus. The unknown 
quantity'jf dissolved snl)stancG is precipitated as a faint opalescence in one 
tube by means of suitable reagents; and a known amount treated in exactly 
the same way is prcpa'*ed in the other. Eacih precipitate reflects tlic light, 
the i'Uhnu appearing faintly luminous, Tiie amount in the s(‘cond tube is 
adjusted until both tubes are exactly similar in appearance. The unknown 
quantity then admits of easy calculation. 

Liquids telid to dissolve not oidy .solids, but also gases and other liquids. 
Consider, for instance, the final pnrilication of silver. Stas undoubtedly 
contaminated his silver with oxygen by fusing it in an oxidising environment; 
and by suddenly cooling the silver by pouring it into water, he prevented 
this oxygen from escaping fnjin tlie molten metal in flic act of solidifying. 
The error of 0*05 per cent, iti his value for tlie atomic w'light of chlorine is 
to be traced at least in part to this source, for he assumed that his silver was 
pure, and that the gain in weight on Conversion into the chloride represented 
all the chlorine addodi^ This particular difficulty has only hoen overcome by 
rigorously excluding all oxygemand fusing silver eitber in vacuum or in 
hydrogen. Not only solids and liquids have ibis tendency of holding back 
Other substances taken frem the phases avomid them ; gases may also carry 
, away, both rnechfuiically and physico-chemioally, portions'oft-the phases with 
which they are as^ciatod. Oases evolved fronvsolids often carry away fine 
powder with them, particulaily in cases whore the decompO%ltl’.Mi of the solid 
involves considerable molecular rearrangement. It seems as if the molecule, 
in its upheaval, is separated from its fellows, and bonce an impalpable powder 
of almost molecular fineness may be carried away with the evolved p;as. 
Gases from liquids also, provided they escape in the form of bubbles, aKvays 
carry for a long distance-exceedingly fine drops which result from the burst- 
ing'of these bubbles on the liquid surface On the other hand, there ^s ■good'*’ 
evidence that the drops are n\>t me{.;hanically4carricd away to an appreciable 
extent wher. the evaporation is conducted without the formation of bubbles,' 
and accordingly qv’a'iititative evaporation should be carried oi't cither on the 
steam‘bath or in a vacuum desiccator or with the help of a downward blast 


MuMor, Sillterprobi. Methode, 18511; Hiohards and Wells, CarMgic ItiAtilulion oj 
1905, Publication 28 , 1 'p. 24,45. ' .. 

? Richards, ZeUvh anorg. Chf.m , 1895, 8 , '269 ; Richards and VveWs^Jmer. Chem. J., 
1904, 3 k '2^5 j.Richards, i5«^.,d90C, 35 , 610. See also Kober, J. Amer, Cfutm. Soc., 1918, 
35 . 1685 ; Briscoe and Little, loc. cit. ' ' ; 

• Richards and Wells, TnstUiUim of Washington, 1906, Publication 28 , p. 2, 
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of pure ai‘ at a temperature just below the boiling-point.^ The first-named 
of these processes cannot be used in tho most oxjurt work bocaiiso it con- 
camfiiates the substance with Jibe impurity alinosi inev^ifably pnsslnt in the 
Air of the laboratory. • , t * 

Evaporation or distillation under diminished yressurc is c>,pecially to be 
recommended if carried out with suitable precautions. The considerable* 
lowering of the temperature of evaporation diminisiies tl^e risk^of decomposi¬ 
tion of a somewhat unstable substance, .and greatly <le(;roascs tho rtleot of all 
tho solvents and vapours upon the vapours uiujdoyed. As a general rule, thtt 
lower the pressure tho more advantageous the [>rocpss, and for an oVvious , 
reason. If any air «till exists in the a[tp?iratus, the vaptjur of the iKpiid 
to be evaporated may go from the solution to the condenser or to the 
absorbing material in the desiccator only by pushing this air aside. Passage 
from the solution to tho drying material is thus efl'ectcd by the slow [)roce88 
of difTusion, On the other hand, when all the air is removed, no inyjedihient 
exists in the passage of the vapour from one place to the other. As the 
vapour i.s condensed or absorbed, a partial vacuum is created wliiidi is immedi¬ 
ately rt;])lcni.slie(l from the liquid to be evaporated, anti the process proceeds 
with groat rapidity. * ♦ 

Pliysico-cnemically, gases may carry away inqiurities hy evaporation, as is 
well known. iWible^loss of material in this W!i.y must alwa^'s be guarded 
agafust. Prei^antion must also bo taken to guard against possible intnMluction 
of impurity front ineuming gas, which may bo contaminated witli volal^ile 
impurities taken from so-called jmrifying agents or improperly used rubber 
tubes. For e.xamplo.^ it is frequently recommended to purify liydrogen by* 
passing it through ]>otassimn permanganate, silver nitrate, strong sulphuric 
acid, and calcium clfkirid** one al’ler the iitlicr.. The potassium permarigan?rt.e 
contaminates the liydrogen* with trace^^^^ oxygen ; the silver niiiati! is partly 
reduced by tho liglit of tho laborjilory, and,adds an inynirity of an oxide of 
nitrogen; the sulphuric acid fails to rmiiovo tluse im[)urjties, and adds sul¬ 
phur dioxide because of its own naliiclion by hvalrogen ; flic calcium cblorido, 
not being so good a desiccating agent ns sulphuric acid, adds water vapour to 
the list of contarni’iating substances. Thus tlie hydrtffen^cruerges from the 
train of so-called puriliers disyim-tly le.'^s ])ure than it wa flic first {iWco.^ 
The constry|(^n of the laboiatory is by no n^ans nnimportant in carrying 
out precise quantitative work Tlic ideal laboratory slidiild lie built as tho • 
modern ho.Sjdtai is built, and every precaution taken against diist«nid fumes. 
N’evertlielcss, oven in a badly arranged laboiatm-y excellent work may bo. 
don# if precaution is taken to carry out all tiio manipiilation.s under cover, 
protcciodNroiii dust and noxious vapours. The laboratory is inqiorlant, but is 
,by ni) meanjf Ihi' most essential emidition f<u* tlui p(‘i formaiiee of accurate \W)rk. 

Having dealt with Ih# vaiiou.s jiossible |ourc(‘s of contamination of 
materials, tho qnantlLativo* side of th5 matler*m?iy now be discussed. 
Measuring apparatus of •varioii^i kinds mu.st hero bo njed. The ttyp?g*atns 
must be good, ofcoftrse, but extraordinary refinement or Taitward bi auty is 
not Always necessary. As a rule, physical errors are more easy to^ivoid than 
chemical ones, as is shown by the fact that physical* data arc uiuially known , 


* See Richards anfl Forbes, Carnegie instUntioii of Washington, 1907, Publicatioji 
P. 53. • » 

. ® Similar instatices are by no menns uncoiiqiioiily reconitted in the literature, and often 
they have led to the cowqileto nullification of any usefulness which* might otherwise have 
exist^ in the final results of an thvesticsitioii. • • 
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to a much higher ^egrec of percentage accuracy than chemical data. , The 
difference in precision is by no means due to greater intelligence and care on 
the one side of the two classes of scientific men the other, but rather 

to the nature of the two^^iroblems concerned. <■ 

A comparatively simple piece of apparatus of known error and capable of 
•accurate correction is better than a complex contrivance -^f unknown error, 
provided that jii esse^ttials the apparatus is adequate. 

The quantitiitive operation most frequently employed is that of weighing, 
^’or this purpose any good balance will servo, provided it yields constant 
results. The errors in weighing usually arise from the changing buoy¬ 
ancy of tlie air and the variation in the liygroscopic and eluetrical con¬ 
dition of the surface of the vessels weighed. Tliese errors cannot be cured 
by the most expensive and sensitive balance, but must be intelligently 
eliminated with the greatest care. The admirable work of Landolt ‘ exemplifies 
this fact jn a striking manner. Weighing should be effected by substitution, 
using, botli as makeweight and as tare, vessels precisely similar in volume, 
Vtfjight, and surface to the vessel containing tlie substance to be weighed. 
The role played by the'balauce itself is nearly always the most accurate part 
of tlfo^uole pfocess if the weights have been properly standardised. 

A word about the scale of operations is perhaps not out of place. Shall 
the experimenjprs use a very large quantity of material as Stas did, or shall he 
adopt an infinitesimal quantity as is recommended by rfinriijhs? Tlio amr.ver 
to ^this question varies somewhat according to the circvtmstanees of the 
particular case. When a small amount of impurity is to be estimated in a 
•substance, much material should bo nstal in analysis, as everyone knows. This 
is not always so true, on the other hand, when the whole amount of substance is 
td be precipitated instead of inoroly a very small fraction df it. In this latter 
case the accuracy of the work depemis more on the }>urity of the original 
material and of the precipitate, n^nd upon the completeness of the reaction, 
than upon the quantity of material used in the iivlividual e»^:)crinients. 

For example, Stas used very'large (piantities of material, sometimes as 
much as 400 grams of silver in a single experiment, hoping in this way to 
increase the accnj:acy.of Ins results. Obviously, Imwevey, since the purely 
cbemi^l errors itn^ot the errors of weighing formed th<5 larfjcst part of the 
cause of uncertainty in the. outcome, this expenditure of Jtime was often 
misplaced. To obtafn a precision of one part in 100,000, it is only necessary 
to weigh 400 grams to within 4 milligrams. If the silver contains as much 
as one-thousandth of 1 per cent, impurity, there is no use in weighing it 
more accurately than this. Now Stas’s silver probably contained at Wst 
fifteen times this percentage of impurity. Plvidcntly, then, if he bad weighed 
his 400 grams of silver to within 6 centigrams, it would have been as accurately _ 
weighed as the purity of h^? material warranted. Ten grams of silver 
weighed to within one rcjlligram (a degree‘bf'accurrey attainable in any 
analytic,>1 balance) would have yielded just as^good results as those he actnajly 
obtained. The enormous expenditure of time put upon these large quantities 
of materia] was therefore wasted; it would have been much better if it,had 
been spent in,.making the,silver roally pure in the first place. 

Jn most of the modern Harvard work ypon atbmic weights a greater 
• degree of accuracy than one part in 100,000 was not attempted, 10 grams 

1 Lantlolt, Ahhandlunijein, der liunsen (ickllschaft, 1909, No.,1 ; and the reference* 
j quoted on p 5. . - • 
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01 material .i)eing usilally sufficient to use in any experiment to enable this 
accuracy to be realised. The effort should be made, ihoreA>re, not to spend 
needless exertion in preparing enornioas qiuintitie-b, bui Either to |mt time 
and energy into nwkirig the substances actually J reii)Iy*pnre, so that 

10 grams shjill eon.sisl of nothing but tliat \vhi(;h if. is supposed to bo. 

It is true that w'>-h large quantities, other things being equal, a somcwbaj 
higher degree of mechanical accuracy can bo attained, but this, in many cases, 
is undoubt(;dly offset by the extraordinary difficulty of prc])aring*a very large 
amount of any substance in a state of the higl>est purity. On the otiiev hand, 
the use of very small amounts of niatciial in analytical work uiKjuc.stionably 
leads to equally great grrors from another caftse. Here it is easy to purify 
substances, but because of the limibitions of sight and manual dexterity*it is 
not possible to analyse thorn accurately. If only 1 gram of*mat,eria] is taken, 
for example, one must collect and weigh one’s precipitate to within the 
hundredth of a milligram in order to attain an accuracy of one part in 100,000 
—and this is practically impossilile. lienee common sense dictates tlffi choice 
of a middle path between the two »‘xtreines, using quantities of material not 
less than 5 grams or over 50 grams if a degree of a»<airacy such as that* 
mentioned above is desired. VVith 5 grams this degree wouldr Jie f.V'^ed 
by weighing td within ono-twentieth of a milligram—a degree of precision 
perfectly attainable as regards both the collecting of the precipitate and the 
procass of weighing. * * 

The best apparatus and the best methods possess faults, and these must 
be evaluated and corrected before a precise result is to bo obtained. Tile 
methods of doing this vary so much with the details of the special processes 
that only one or two g(Tneral remarks can be made hero. It may bo taken as 
a general precaution*'bat, control experiments should always be performed 
under precisely the same contlitions as* govern tlu' main experiment. Suppose, 
for example, tliat a substance is to be evaporated an<l vveighetf in a quartz 
fla.sk. The weighing must bo done by comparison with •a counterpoise flask 
filled with dry air at the same temperature, < ooled in the same fashion as the 
flask containing the precious material. The weigliiiig must bo done by 
substitution, and during the proc(‘ss each flask mns? be J:,roatcd in precisely 
the same way in fJrdor that any errors (lertamiiig to one ux-ight shall accrue 
likewise to the otiicr. Thus*in a sense tlie em^ity counterpoise fla.sk is a . 
control. * • • • 

Accurate Determixaiionn of Atomic Wkicitis. • 

Iljthe previou.s section attention has i)een (irawn to the extreme care required 
in modern determinations of atomic wmghis. In order to further exemplify 
thi.s and to illustrate the general method of procedurR, two typical example 
will now bo cfescribed—namely, the revision of tfie atomic weight of lithium 
by Richards and Willard, aua»th*t of nitroj^on b/ Guyc and his collaborators. 

The former is essontialiy a <;hemical investigation. coinprising*a nyi^ber 
of careful gravimetric analyses of lithium chloride; it "typical of yiany 
excellfint atomic weight determinations (drecied by the analysis of a chloride 
or bromide. The latter is partly a.chemical ijiid partly a physical'reaearch. 
The chemical methods arS noteworthy owing to iheir unfisnal character, agd 
also because they adbrd the refpiircd^^ atomic weight by direct reference to 
oxygen; the physical methods are interesting^ since the results thiy^aftoM, 
although less acchirate and conclusive yi|n those obtained chemi<3kUy,^never¬ 
theless confirm the cifemical value a vefy satisfactory manner. 



■ ' T' -f-, " f ■' I 

250 • MODERN fNOBOANib eHESlSTEV. 

( 

.. (THE ATOMIC WEIGHT OF LITI^UM. 

Durifig the eafly jwirt of the nineteenth^ century no fewer than twelve 
different investigators ^lado separate and indoperident determinations of the 
atomic of lithium, but their results were far from concordant, ranging from 
5'1 (Hermann, 1829) to l6‘l (Arfvedson, 1817).* In IS&'i Stas^ determined 
the ratios LiCI/A" and LiCI/LiNO.^, and found the corresponding atomic 
weights of lithium to bo 7-003 and 6'96 respectively, when that of silver is 
taken as 107-88. The differenco between these two values amounts to 
practically 1 per cent.—a result that cannot be considered satisfactory, and 
that is, moreover, very remarkable in view of the liigh degree of accuracy 
usually attained by Stas in his investigations. Twenty-four years later 
Dittmar^ determmod the ratio Li^COg/CO.j and found the atomic weight of 
lithium to be 6*89 (Ag= 107*88), a result which does not agree with either of 
those obtained by Stas. This was the state of our knowledge when Richards 
and Wiftard * began their investigations, anfl, by studying the ratio LiOl/AgCl,^ 
.showed that the correct atomic weight of lithium is 6'94. Their method of 
procedure was as follcftvs:— 

Preparation of Materials. —All the materials \iscd in the research 
were purified with the greatest care. Tiie most insitlious sources of impurity 
in work of tips kind arc dust and the various gases sometimes contained in 
the air of the laboratory, atid the most efficient methods of purificatioitemay 
fail to give a pure product unless careful attention is paid to this. The 
presence of dust, wliich always contains sodium, was especially noticeable in 
the preparation of pure lithium salts wliero sodium was the element most 
difficult to remove. It was found that a lithinrti salt free from sodium always 
acquired traces of this element after being crystallised in* the usual way. The 
air of the room was therefore kept pure as phssible, and all evaporation 
and handling'' of solutions and sall.s in the final work wer(5 coixUicted in a 
large glass case. Al*i heating was conducted electrically in or<lnr to avoid the 
deleterious effects of products of combustion. The vessels used in purifying 
materials were usually of (juartz or platinum. Where glass was unavoidable, 
the best Jena gljiss was chiployed. 

— IIfetjllnd water of tlie laboratory was twice redfstilled, once from 
alkaline permanganate anil once alone using' pure tin condensers without 
rubber or cork comicctiolis. In special cases the water \vas condensed apd 
collected ^wholly in platinum. Dust was excluded bypassing the end of the 
condenser through a hole blown in the bulb of a small flask which rested on 
the mouth of a large Jena flask in which the water was collected and scored. 
Water was always distilled just before use. ■ 

Nitric Acid. —Carcbilly tested p\ire nitric acid of commerce was redistilled, 
using a platinum condenscy. When required (n -bo free from chlorine the 
'first^portion was rojdcted and thoncid redistill(5rl until it showed no trace of 
thi^-ek>mefit with the nephelometcr. , 

Hydrochloric The pure acid of commerce .was Iwiled with a little pure 

potassium permanganate and then repeatedlydistilled,usii)g a quartz condenser. 

Ammonium Pure, hydrofluoric acid was distilled in a platinum 

^ For full references to these researches 8eo,.Vol. if. of this series/’ 

' * Stx\,^uvrese(i-npUtes, i. 710 and 717. 

* DUtmaf, Pm.1889, 35, ii. 429. 

* Richards and Wjllard, Canicive InsUt'fulhn of IVa^ihinglon^ 1010, Publication 125 . 

® The ratios LiCl/Ag and LirflOi/LiCl '■verc alco studied. 
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fvwAt and,neutralised by distilling into it pure ammonia obtained from j 
concentrated solution. * 

Jlyihaziiie Hydrate .—This was prepared by to dryiuess in ( 

platinum vessel a mixture iTydi’azino sulphate anc^iwioo the theoretically 
requisite quantity of potassium hydVoxide solution. Tlio distillato was 
redistilled to free it from the traces of alkali •carried ovoi in the first 
operation, and preserved in a platimiin ves.sel. 

Silver .—This metal was prepared by several dilfereflt modifications of 
the following method. Pure silver nitrate was rccrystallise<l five tiiuos from 
dilute nitric acid, the crystals being centrifiigally drained in platinum funnels. 
The silver was then ^precipitated by aTumtnium formate (jircparcd from 
redistilled ammonia and formic acid) and fused on j)uro lime in a cui'rcnt 
of hydrogen. • 

Lithium Chlonde-, —The most common impurities in lithium salts, and like¬ 
wise the most difficult to eliiniiiate, <are compounds of the alkali and alkaline 
earth metals. In the material forming the aoureo of the litliiiim l^iloride 
ill the work the only appreciable impurities were iron, calcium, potassium, 
and sodium, as well as, possibly, traces of ma<incsium. *11 is true tliat none* 
of the last-named metal was over detected, but Richards and Wifllard* 
argue that thftj does not prove its entire absence owing to the lack of a 
sufficiently delicate reaction for tlie same. Since iron can bo easily removed, 
the ^paration of potassium, sodium, calciuin, and magnesium ^ctjuircd the 
most careful consideration, the relative efiects on the atomic wciglit of 
lithium varying in the order given, that of the potassium being greatest. * * 
Attention was first turned to tlie methods of eliminating potassium and 
sodium, which go togetfier. Those employed by previous investigatorK were 
either inadequate oft ^ixtrcmely wastolul. A study was therefore made of 
the most suitable salts for the fiurpo^io. A search among the insoluble salts 
of lithium showed that tlie solubility of the lluoride is only ^‘7 grains per 
litre, whereas sodium fluoride is 10 times jfnd potassii.tu fluoride .‘1-10 times 
more soluble. It was further found ihflt the solubility of lithium‘fluoride is 
not appreciably affected by the presence of ammonium sails. Evidimtly the 
precipitation of lithium fluoride by ammonium ituori^o ought to bo an 
extremely efficient means of removing potassium and sodium ^lliont a[)preoi- 
able loss of lithium, and this Was found to be true. * 

But this nnWiTIff docs not remove calcium auc? maguesfum, since their 
fluorides are even less soluble than lithium fluoride. Tliesc may Ije wholly 
separated, however, by recrystallisatiou of the litliium as the ])crchlorate or 
nitrate, lleuco the following method of purification w’as ultimately adopted. 
The nuoridf, free from sodium and polassium, but containing possible traces, 
of calcium, magnesium, and sulphale, was converted iflto nitrate by heating 
ib a platinum*retort with nitric acid. The product was rccrystalliscd several 
times, using centrifugal draimi^^e.* • ^ • 

Since oven in the mothqr liquors from the first rccrystallisation fto calcijuo, 
magnesium, or snlpl^ite could iTo detected by ordinary‘tests, there no 
' doubt that the recrystalliscd salt was exceedingly pure. All silica must have ' 
been removed when the fluoride waf dissolved jn acid. * 

The final step of the tfequencc of operations alone remained {o be takep, 
hamoly, the conversion of the salt intq lithium chloride. The solution was 
poured into a hot concentrated solution of an^monium carWmate wjiieh hrfd 
been distilled in *a platinum retort, aij,d,tlie prccijfltated lithium* carBonate 
was washed several tiflies with hot water, ysiug centrifugal drainage. It was 
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essential that hot and concentrated soUitioiis should beamed ; otherwise the 
yield of carbonate was small. The precipitate was coarsely crystalline and. 
easily washed. This process obviously served as a further means of purifica¬ 
tion and rendered ceiM&iin the elimination of any traces of fluoride which 
might have found its wav through tlie successive recrystallisations of the 
nitrate. The carbonate was dried at 300° C., dissolved xi slightly less than 
the theoretical amount of the purest hydrochloric acid which had been twice 
distilled, condensed, and collected in quartz vessels. The solutiorf contained 
a trace of nitrate, and to convert this into chloride withoiit fear of attacking 
the platinum, a solution of hydrazine hydrate (see p. ‘251) was added, and then 
excess of hydrochloric acid. Afcer boiling the liqiiid fivfa few minutes, all the 
nitrite was reduced, and there remained a solution of pure lithium chloride 
with a little hydrochloric acid and hydrazine chloride, both of which were com¬ 
pletely volatilised in subsequent operations. The chloride was crystallised 
once or twice and dried as indicated below. It was then ready for analysis. 

Drying and Weighing the Lithium Chloride.— The final prepara¬ 
tion of the salt for analysis consisted in expelling the last traces of water by 
fusion in a platimiuv boat in a current of dry hydrochloric acid gas and 
nifc*^er.. Te this end the apparatus shown in fig. 74 (p. 244) was employed. 
The gases issued under slight pressure, and the tomperathre was slowly 
raised so as to expel from the salt as much water as possible before fusion. 
The chloride was maintained in a state of fusion at red heat from 15 to 20 
minutes in an atmosphere of hydrogen chloride, which latter was then replaced 
by'pure nitrogen and the lithium chloride allowed to cool- It was then quite 
transparent and* coloiirk^ss. Inasmuch as fused sodium chloride is essentially 
free from dissolved nitrogen when prepared iinclcr aimlogous conditions,’' it 
seems reasonable to assume that the lithium salt likewise contained no appre¬ 
ciable quantity. After the nitrogen had been displaced by dry air, the boat 
was bottled atid placed in a desiccator." The platinum boat was always weighed 
separately before q.x\L after the operation, but the loss in weight was only a 
few hundredths of a milligram-^-soin^timcs none at all. The weighings were 
conducted with a Troemner balance, and successive weighings of the same 
object wore rarely /oun<5 to differ by more than 0-02 mg. The Sartorius 
gold-plated brass weights and rider were stiindardiscd frorti time to time by 
the method described by Richards,^ and ah weighings wore made by 
substitution, usitig<i coui'ftorpoiac similar to the object iJem^ weighed. The 
weights required were, in consequence, never large in amount, and the 
influence of changes in atmospheric conditions w’as negligible. 1'he vaemum 
corrections applied were as follows, the density of the weights being 8‘3 ;— 


s 

Density > 

Vacmim Cor.ection 
per Gram. 

Silver . 

l'o-49 

.-0 000030 

Silver chloride. 

6 56 ' 

+ 0-0000732 

Li-hiiini chloride^ .... 

2-068 

+ 0 000438 

Lithi im perchlorate. . . 

‘ 2-428 

+ 0-000350 


' ^ Richards aod WelTSi, J. Artier. Cfiem. Soc., 1905, 27. 513. 

® Richnifis, J. Amn. Cherh.'^oe.., 1900. 22, 144, . 

* Baxter, Amfr. Chem, 1904. 3I| 558. 
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After wfiighing, platinum boat containing 'or fiisSd chloride was 
placed in a 3-Iitro Erleimicyer flask of Jena glass, fitted A'itb a ground and 
polished stopper. 50 to 80 c.c. of water were now adeVd, and i|hon the 
chloride had dissolved, and ^ d1*op of phcnolphthalei^k coloured faintly pink 
with a trace of sodium liydroxido liad ]5rovcd tliu solution to 1'(‘ entirely free 
from any trace of i¥^id, about one litre of water Vas added, the platinuir 
boat removed and washed, tlic washings being added to the contents o: 
the flask. • • * . 

Precipitating and Weighing the Silver Chloride.—The precipita 
tion of the silver chloride and all subsequent operations wore carrieil out 
under red light in the ^lark room. To th(‘ stliiiion of litl.iinn chlorido'wat 
added exactly the calculated amount of silver dissolved in a laoderate otcest 
of nitric acid, the concentration being ajiproximately decinormal. Tht 
mixture was shaken for ten minutes and allowed to stand overnight. Tlw 
next day it was again sluiken, and to it was added tlie (excess of silver 
nitrate required for complete precipitiitioii—about 0'05 gram of siKer pel 
litre. Tins method greatly dinmushos the danger of occlusion of silver 
nitrate.^ The solution was shaken from time to timck during the next day, 
and after standing until the supernatant liquid was perfectly^cleaB, it yae 
ready for filtration. 

In the final experiments a (bjoch-Munroe crucible” was use<l. The 
comjjlctc removal of sih^r chhu-idc from the platinum sponge, wlTen preparing 
for a new analyse, required treatment with concentrated ammonia for a1 
least 12 hours, followed by a very thorough washing. The crmfiblo wfl,8 
always dried overnight at 250’ C. and a perforated platinum plate was 
placed upon tlie sponge to prevent rupture by the contraction of the silvei 
chloride as it dried. •'I’ho clear solution was poured through the crucilflo and 
the precipitate washed fonriimes by decantation with a cold acid solution oi 
silver nitrate, about two-bniidredth nornlil. The filtrate and washings were 
always practically free from excess of chlofine, so that^ constant correction 
of 0’04 mg. of silver chloride per litre w'as ap^ilied to tbem.^ The precipitate 
was then washed ten times with very dilute nitric acid jirevionsly cooled in ice 
to reduce the solnbilit} of the silver chloride, and Jinall^ transferred to the 
crucible by mesns of a jet of juire, cold water from a Ify/Irostalic wash 
bottle. The entire process \^i8 conducted under a clean ^lano of glass to 
prevent dust fftytif^falling into the crucible. l*htf latteK \#a.s finally wiped 
with a clean cloth and heated in the electric oven, gradually increa.sing the 
temperature to. 250" 0., where it was maintained for at least 10 hours. After 
it had been weighed, the main ma.ss of silver chloride was separated from the 
platinum i'm-. and fused in a covered quartz crucible contained in a larger 
one of porcelain. Since the cover was transparent, it*was possible to freot^ho 
fused* chloricfe from the bubbles which invariably adhered to the cnicible^ 
without danger of lo.ss from»sp»t(erii)g, i^y caififull^' rotating the crucible. 
With one or two exception^ the fused .silver chloride was perfectly colourless 
and transparent, sh^win^ the afisenee of organic dust And occluded sflver 
nitrate. The loss on fusion was very small, never more tlian a few humiredths 
of a milligram per gram; tlic .correction^for the entire weight of silver 


* • , 

^ Richards aiukStachler,/. 1907, 29, 632. • 

’ Snelling, J. 4'^er. Chtmx. .S'ec., 1909, 31, 466.' Munj-oe, J. AnaX, CJe7fl.,V888, 2, 
241 ; Ghefti. Hewt, 1886,^58, 101. t • 

, * Rickards and Wells, J. Amer. Chtvi^ Soc., ]905, 27, 487, 617. 
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chloride was calculated from that of the portion fused—always ever 90 per 
cent, of the total.' 

The flabk, in which the original precipitation was carried out, was rinsed 
with ammonia to ren^^fve any chloride that mi^ht have escaped observation. 
This, with the washings, was tested as follows; To the total washings, 
exclusive of those with clilhte silver nitrate, was added 0;07'gram of silver as 
nitrate and, after the opalescence had appeared, it was dissolved by pouring 
into the amriloniacai rinsings. The volume was then made up to one litre.. 
A standard solution was prepared containing in one litre a known amount of 
chloride and the same (juantity of ammonia and silver as present in the 
washings. 25 c.c. of each Were now pipetted into nephelometer tubes 
(see 'p. 24G), 2 c.c. of dilute nitric acid added to each, and the contents stirred. 
The tubes were covered with glass caps each having a plane top and allowed to 
stand for 3 to 5 hours until constancy was attained. By the use of ice-cold 
wash-water the total nephelometer correction was reduced to about 0'35 mg. 
fn the fallowing table are given the results of the final scries of experiments, 
from which it is evident that the atomic weight of lithium is 6 940, when the 
^atomic weights of silver and chlorine arc taken as 107*880 and 35‘457 
resp-Jctirely. • 

THE ATOMIC WEIGHT OF LITHIUM. 


Weight of 
Fused LiCl 
(Vacuum). 

Weight of 
Fused AgCl 
(Vacuum) 

LiCl 

AgCr 

Atomic Weight 
of Lithium. 
Ag=lO7*880 

01 = 35*457. 

6*28662 
6-82076 
6-70863 
6-24717 . 

5-50051 
'8-34f)21 
6*65987 

21-2544*2 

19-67873 

22*68030 

2M-J073 

18*59000 

28*2i^3H 

2-2*51584 

0 "295779. - 

O-2957'JO 

0*295791 

0-295784 

0-295790 

0*295779 

0-295789 

6*9391 

6*9407 

6*9409 

6-9399 

6-9407 

6*9391 

0-9106 

45*66877- 

164-06020 

0*2W'7S6 

6-9401 
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2. THE ATOMIC WEIGHT OF NITROGEN. 

The researches on the atomic weight of nitrogen, carried out at Geneva 
since 1904 by V. A. and his collaborators,^ include the analysis of 
nitroiw oxide, both gravimetrically ^ and volumetrically,^ the* gravimetric 
analyses of nitrosyl chloride" and nitrogen peroxide,^ the indirect volumetric 
analysis of ammonia,® tho determination of the densities of nitrous oxide and 


* A detailed account of the physical ineasureiuents carried out in oonnection with this 
work is given by Guyo in “ Reclicrchcs exjiiiriinenbkles sur les propri(it^.s phy^ico chiiniquea • 
de quelquea ga^ en relation avec los travaux de r4vii»ion du poids atomique de I’azoto ” (Guye, 
J^^n. Sci. phys. nat., 19^/8, 35, 548-694). 

2 Guye and Kogdini, J. Chivi. phys., 1905,3, 5377 CompL rend., 1904, 138 , 1494. 
Jaquerod and Bogdan, J. Vhim. phys., 1905, 3 , 502 ; VomyL rend., 1904, 139 , 94. 

* Guj’ekrn’ F1 us8,'’i/. cAm.,19 u8, 6, 732. 

® Guye and Drouginino, J. Chim. p}iys.y''J^\(i, 8, 473. 

® Guye and I’intzaJ^ Sci, phys, na|t, 1908 35) 
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iiiumonia ^ by the yohimetric method, and tho density of nitric oxide by th< 
ordinary globe method,^ and, finally, the mcasuren.snt of various gaseoui 
compressibilities^ and critical constants.^ ^ 

It may bo stated hero t^aPall pieces of apparatuig were Mtighcd by the 
method of vibrations against counterpoises of similar hiatermi and shape, and 
of nearly 0 ([ual woij.^it, and all weighings corrected^to the vaenuiii standard. 

t'repaption and Purification of Nitrogen Compounds Used.— 
Nitrous 03^de .—Since the gas, prepared by a)iy of tlid iisua/ ineLhuds, is 
always slightly contaminated with nitrogen, recourse was had to the 
method devised by V. Meyer.^ Ooiicentraterl sodium nitrite solution was 
dropped from tho vessel D (lig. 77, p. 201) inV) a neutral solution of hydrbxyl- 
amine sulphate contained in tho flask J']. The gas evolved was passed 
through potassiuih hytlroxide solution and concentrated sulphuric at-id in the 
bottles N and I* respectively, and finally dviecl with phosphoric anhydride in 
S. Tho solutions were prepared in air-free distilled water, and at ,the 
commencement of oacJi c.xperiniout the apparatus was evacuated thr^figh the, 
tube F; a small quantity of gas was then disengaged, and tin? apparatus 
again exhausted. A repetition of this proc(‘dure oiiye or twieo served Uf 
completely eliminate last traces of air, wlieii tlic tubii F was sca^d. , 

Nitric oxi(k .—This gas was produced by three distinct niotliods, namely: 
(a) Nitric acid (25 per cent.) was allowed to flow, drop liy drop, into a boiling 
conegntrated solution of ferrous sulphate in dilute sulphuric aei(^ or a concen¬ 
trated solution of spdium nitrite was slowly added to one of ferrous chloride 
in hydrochloric acid.® The evolved gas {20 litres) was eollcetiHl over air-Jrfee 
water in a copper gas-holder, from which it was afterwards driven through 
concentrated sulphun<>acid and over phosphoric anhydride, and tho dry gas 
conden.sed in a rceeivgr cooled in liquid air. {b} A 2 per cent, solution pf 
sodium nitrite in concentWed sulphuric acid was run into an Krlonmeycr 
flask, the bottom of wliich was coveifd with a layer of mercury.’ The 
nitric oxide produced was led throiigli conci^itratod suljfliuric acid, and then 
condensed at the temjierature of liquid aiii Air was' initially eliminated 
from the apparatus by a process similar to that dese.ribed imdor nitious oxide, 
(c) A 10 per cent, solution of sulphuric acid was tiddcd, drop by drop, to 
aqueous sodium nitrite (6 per cent.). Nitric o.xicle is }U’ocfuccd jn tliis reaction 
by auto-oxidation of the nitrons acid initially formed ;— * * 

*■■■' .WXOji-.-HNOa + l’NO + iLT). ' * 

The gas was thoroughly dried by conducting it through three vessefs contain¬ 
ing sulphuric acid, and finally li(|uclied. 

it will noted tliat liiglier oxides of nitrogen were always absorbed by 
concentrated milphuric acid, and not by poiassiiiin hydroxide, him o the latter 

• _ • _ • _ 

^ Guyo and Piiitza, , 1^01, T>1 ; “ kfolieu'lins oxpiri- 

m«n tales," loe. at. ^ , 

• Guyo and Davila^ rendf, lOOfi, 141 , 826; " Kecli irciics exjM'iim^nUles,” 

he. cit, » * 

’ Jiaqiiorod and Scheucr, Com/>t. rant, 190'),^ 140 , 1384; “RtcliiTches^exii^rimen- 
tales,”/ac. • ** 

* Jaqui-rod, J)er., 1906, 39 , 1461 ; Hriuor, J. Chim yhys., lOW, 4 . 479 ; “ KecJierches 

exp 6 rimentalps,” loc. ei^ * * 

■ ® V. Meyer, Jjinalen, 1875, 175 . 141 ; Hcmlwell, Aiiirl. CAewnc, 1902, vol. ii. p. 6J2; 

also TreadwelMIalL 67icnmtri/ OVilty & 8Yii.s). ^ m \ 

® Gay-Lussac, Ann. Chim. I'hys., 1843, (iii.il, 23 , 203 ; lliiclo, Annaloi. T889. 2 ^ 2 . 246. 
Eiuioh, Monatsh., 1^92, 13 , 73. 
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reagent slowly /jccomposos nitric oxide, producing petassium /litrite and. 
nitrous oxide. * 

The ^inpuritiefi, still preseiit in nitric oxide, prepared by the above 
methods, inclvde smay^ <piautitics of nitrous"oxijlo and nitrogen, and traces 
of higher oxides of nitrogen, and such substances as hydrochloric acid, 
sulphur dioxide, and cldoriue derived from the reagents,used. A considera¬ 
tion of the boiling-i)oints of the impurities suggested that it should be^ 
possible to preparft nitric; oxide free from all these impurities^ with the 
possible exception of nitrogen, by licpiefaction and fractional distillation. 
The presence of even 0'15 per cent, of nitrogen, however, would only cause 
an etTor of 0 01 per cent, in tli<* value for tluMlensity of the gas. Aocord- 
inglj, the nitric oxide was liquefied, and boiled under reduced pressure, 
whereby the; morenvolatilo portions escapc’d, and the residue solidified. Tt was 
again li(juefie<i, the more volatile portion again boiled ofl’, and the procedure 
repeated five or six times, until the volume of the liquid had been reduced 
by one4alf. Tlic solidified residue was then slowly sublimed, under reduced 
pressure, and the final third rejected. Tins fractional sublimation was 
•repeated in variouvS civperiments from two U> five times. 

^Nitrogen .Peroxide .—Tins was prepared by mixing, at - 20", purified and 
carefully dried nitric oxide with excess of pure oxygen, prt‘parod from 
potassium cliloratc. The nitrogen peroxide was rejicaUally distilled under 
reduced prcsf.ure in the presence of oxygen, to ensure'the absence of triqxide, 
which would have been difficult to remove by distillation. Special pre¬ 
cautions were taken to free the final product from dissolved oxygen 

Although nitrogen peroxi<lo decomposes into niLric oxide and oxygen at 
moderately high temperatures, at ordinary tem[)eratnres the extent to which 
this decomposition proceeds is (juite insignifi(;ant, lyv' the peroxide may 
therefore bo regarded as a stable substance. «. 

Ammoniat -—Ammonia prepared Vrom commercial aminoninin salts is 
always contaminatedi with tracoo of organic bases such as pyridine, which 
materially raise its clonsity. A<ioordingly, the gas obtained from a cylinder 
containing 20 kilograms of liquid ammonia (the first lialf collected in the 
distillation of a supply*of commercial liquid ammonia) was slowly pas.sed 
through a long, hard glass tube packed with little pieces' of'lime and licated 
to redness. The'organic compounds were thereby decomposed, the nitrogen 
contained in th'em being- Converted into ammonia. Tfl^^^.uing ammonia 
was collected in pure hyclrochloric acid solution, and on crystallisation pure 
ammonium chloride was obtained. 

The apparatus for obtaining pure, dry ammonia for density measurements 
consisted of a large cylindri(;al tube, filled with a mixture of pure ammonium 
chloride and quicklime,' and connected with a purifying and drying system of 
Bii'udbe^. The first three of those were filled with solid potassium liydrdxide f 
the others contained. anhydVous barium oxide../All the connections were of 
glass. The apparatus \Va8 initially evacuated, and then swept out once or 
twice with dry airrr.onia, liberated at a convenient rate by suitably warming 
the inixture of ammonium chloride and lime. ' 

Nitro»yl Chloride .—This subutance wa^ prepared by Tilden's method,^ a 
mixture of 'nitrosyl ,4iydrogen sulphate and sodiuu chloride in equivalent 
quantities being warmed in memo in a smali flask to 86" C. The distillate 
wao collected in a^small receiver cooled''in a bath of solid carbon dioxide and 

_s', ** i _ « '_ ‘ __ 

<1 o 

^ Tild«n, Trans. Chc^. 1860, I 2 , 630, 652. 
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other. The matorij«ls were previously dried in a vacuutti^over phosphoric 
anhydride, and the apparatus thoroughly desiccated, unco Atrosyl chloride is 
immediately decomposed by water. For the puri.’.cj^tion, tho^ nitrosyl 
chloride was several times fr^ictionally crystalli.scd, tli^s finol ci^slals melted, 
and the liejuid subiuiLtod to fractioii?il distillation, with the rejection each 
time of tho first and bust fractions. The impuritiOs thus elimiii;itcd included 
traces of liydrogen chloride, chlorine, sulphur dioxide, and Idghcr oxid^ 
of nitrogen. • 

Analytical Methods :—(«) (h-avimetric Amilt/sfs.~U\ the cases of^ 
nitrous o.xido and nitrogen peroxide, weighed ipiantities of the comjKinnds 
were decomposed by rod-hot iron, winch ([uaMtitatively ab.jorbcd tlio oxygen. 
Iron spirals were employed, wound on Uiin porcelain rods, and olectrfoally 
heated. After an experiment, a siiir.il was prepared fur fucthei- use by being 
lieatod in a current of pure bj'drogon. Since each spiral used was oxidised 
and reduced a niimhcrof times in succession before tho final experimonts 



Kig. 76. — Apparntu.s for aii.ilysis^of nitrou.s o.sjflo. 


were carried out, traces of im[)iuities in the iron c.«pable of forming volatile 
oxygen compouml.^i iliust have bcai eliminated. 

Tho experimental an^iiigoftiont adopiofi* for nitrous oxiife is indi<'attd in 
fig. 75. The d«..:.?rfl^osition vi'ssol A oontaineil Cln# iron ,Mj)>r;il, tlie ends of 
which wore silver-soldered to [ilatmum leads fused into tho vessel, (connec¬ 
tion with a mercury pump Ava^ initially made through B, which \?'a» sealed 
off after A had beim com[)lotoly evaeiiatcd. Nitrous oxide was absorbed in 
0, oTmtaiu^iig wood ciiaia^oal, which had jireviously been carefully purified 
by igniting in'chlorino, boiling with coneoiitrated l) 3 ’droo,hloric acid, washing 
tvitit (vatcr afid drying hi mi'no. Tlie tubo (J was alternately saturau ffWith 
nitrous oxide and evacuatcd%v«wal times iiefor^ being*finally eliargod with 
the gas. In carrying out an analysis, A was first “evacuated ami weighed. 
Th5 apparatus bein^ thou tiite^l up, B was exhausted Uiid sealed ^tF,♦tho 
spiral licated to bright reefiiess, and by mauipulating ta])s 1) and K, nfbrous 
oxide*was passed, little by little, into A, tap F remaining closed. •After the 
nitrous oxide in A wa.s«judged to bo completely (Peeoaiposod, ^ very slow 
current of the gas^wa.s allowcft to ^ass over the incandescent spiral, flio 
nitrogen escaping by F through the sulidiurio acid in Tlie o\yj;pnb was 
stopped while a eousidcrable portion o^tjie .surface §f the spiral srtlfrrflnained 
unoxidised, D closed And A slowly evacuated by connecting the pump to 0; 
VOL. I. 17 
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throijgliout the evacuation the spiral was maintained at 'a red heat to ensure 
i\\o ahseuco of any iron nitride from its surface. Finally, taps K and F were 
closed, apd, on cool’iig, the increase in weight of the vessel determined. The 
amount of nitwus oxid/eused was given by the loss in weight of C. 

The decomposition vessel used in the experiments with nitrogen peroxide 
is shown m tig. 7(>. Ithvas first evacuated and weighed; pure nitrogen 
peroxide wa; distilled into it, and fro/i'n in the tubuluro A. The vessel was 
again exhausted, and the increase in weight, due to the pen xide, was 
determined. The spiral w’as then lioated to bright redness, and the nitrogen 
peroxide in the tnbulure allowed to evaporate shiwly, its vajionr being 
completely decomjiosed. The i .^sidual nitrogen was then pumped out, the 
spiral being still at a red beat, and finally the vacuon.s apparatus weighed 
again, after cooling, in order lo determine the weight of the oxygen fixed 
by the iron. 

‘For the eom[)lete analysis of mtrosyl (ddoride, the .pure, dry vapour was 
very sldKvly led ihnmgli a U-tube containing finely divided silver, heated 
to dOO’-bOO’ 0.; special experiments showed tliat the chlorine was thereby 
‘quantiUtividy rc(aine<l. Tin* residual nitric oxide was conducted through 
a second U-tnl )0 containing lirndy divided 
copfier at the same temperatfire in order to 
absorb the oxygen; and Ibc nitrogen was 
finally absorlied by nu'taliic calcium, con¬ 
tained in a straight glass tube lioated to 
redness. Facli absorption tube was pro¬ 
vided with stopcoehs, all counoctions being 
made by ground-glass joints according to 
Morley’s method;^ ;,ivd a manometer was 
lutrodkiccd bct'’.ceu tlic second and third 
ab^jorpliun lubes. riie entire apparatus 
of nitrogen poiuxi'k “ ' '\as evacuated at the beginning of an ex- 

■' «. penment, and if the experiment was suc¬ 

cessful, tlie apparatus remained vacuous at its termination. I’erfect desicca¬ 
tion of the interior oj thiT.ipparatus w'as, of course, absolutely necessary ; the 
silver and copphr were prepareil for use by washing wiUi i(!iev and drying 
in carbon dioxifTc and bydrogim'respectively, while the, calcimn was heated 
to redness in vO'no, to elnnfnate any tr.u’o of volatile imptTrt'cy. 

(6) VohtntPtric — A cyliiidric.d bulb containing an iron spiral 

and connected liy a capillary tube to a mercury manometer formed the 
apparatus used in the volumetric analysis of nitrous oxide. The manometer 
was provided with the usual opatpie glass point, to wdiich tlie tperenry was 
always adjusted wdienBvm* a measurement of pressure was reipiired. The 
bulb was calibrated, and also the “ dead space ” along the capillary connoctioU 
as far as the zero-pftint; itlid tlKj voUimew of gas were corrected for the 
difference 'In tcmyierature iK'tween that in the bulb and the small amount 
in The dead sjiaL'i^ 

The bull) was initially filled with pure, dry'nitrous oxide and packed 
with inel'iing ice; tlie mcrc.ur? was then adjusted to the zero-point, the 
pressure of ^the gas*read (to within 0'02 mni.) anci reduced to the value at 
0^ C. The globe was next dried and the niti'ous oxide da iomposed by heating 
the invi,spiral tin •whiteness: to prevent permanent deformaAion of the bulb, 


* Murley, SmilksonUin Conlrib., 1895, 29 , Nb. 980. 
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the spiral was i'epe»teflly lieated to an exceedingly higli^eniperature, but 
only for a few seconds at a time, the apparatu. boing^ allowed to cool 
considerably between successive licatings. Kadi ex,*, rii^cnt was rjjmtiniied 
till further heating had no inllucnce on the final voir r.e Finally, the bulb 
was allowed to cool, pacKf'd an/inid wiPli melting ice, and tin’ pressure of the 
residual gas observed after adjusting the mercury ai zero ome more , 

. The volumetric analysis of ammonia was indirect; the rel.'itve volumes 
of nitroge.. and liydrogen whieli combine to form tho*gas U'lug deduoeil 
from the densities and coinpressihiliiics of hydrogen, nitrogen, and the , 
mixture of these gases that results from the deeumposilioti of ann';nnia. 
The mixed gases were prepared by goiierating^pme ammcmia from ammonium 
chloride ami quicklime, and passing it slowly tiirough a cylimlric.al Tube 
containing a platinum spiral heated to bright redm’ss. 'i’fie grealer part of 
the ammonia decomposed ; the products passed througli a U tube containing 
glass heads moistened witli sulphuric acid to ab>orh iinclianged ammonia, 
and were dried over phospliorie anhydrkle. The mixed gases uere^fed into 
a voinmetor, and the density measured as deserihed later (p. LMiO). 

Density Measurements.— Modem iloterminati-jiis of g:is densities* 
have boon cflected liy two nietliods. (i.) the “globe” method, aml*(ii ) Hic 
“volumeter” Tnetliod. Fach of these was employed by toi^e, the former 
with nitric oxide, and the latter with ammonia, nitrons oxide, and the 
mixt^irc of nitrogen anti hydrogen obtained from ammonia. ^ 

In each method the weiglit of pure, dry gas, which, at an <»hservod 
temperature (always 0° C. for (liiye’s m<*asnreinei)ts) and pressurii (appixTxi- 
mately atmos[>hene), uecupies a known volume, is determined. 'I’he “globe” 
method has been alreai^y outlined (p. Idd) ; llie “voluimder” niotliod dillbrs 
from it in tliat tlio j^igasiyemciits of pi'‘ssurc, volume, ami temperature are 
elToeted lu one apparatus, \\*l*ile tlie gTis is wi’ighed in another.^ 

(i.) The “globe” method, lirst adajTted to accurate work Ity Hegnault,'^ 
IS comparatively simple to carry out, jiermfts of severaT e\[tenmeiits being 
conducted Kimultanooiisly, and furnishes results little, fl' .at all, mh'nor to 
those obtaiiK’d by the volunietqr method. It is not necessary to employ 
very huge globes, the results oblainod witli ipiite .siflnll ^;lohes being at least 
as concordant anpmg themselves as those obtained with S to 40 hire globes. 
Lord Itayleigirs accurate exjll’rimeiits weri^ carried out wTtii a globe the 
volume of which-uXS alioiit I •.'^litres, while the*dl?nNity of •nitric oxide wa.s 
measured by Gray, msing a glol»e of only 0'2ti7 litro capacity. ^In tlieir 
xvork on tlic density of nitric oxide Guyo and I>avila employed three globes 
of capacities (at 0“ 0.) ;l7S)‘dO, IWfi-Ol, and 817*(J5 c c. respoetively, calibrated 
by w^ghinjj them emjity and then filled with water at 0* G. 

A small globe posscs-ses the advantage that the (Torri’ction m'ees#-'<;A.on 
account of itS contraction .wlieii evacuated i.s [iroportionally less than that 
^ for a large globe, fn Fact, Uio^oiily cito» thaf is ^ui*tncnted 1^ omploy- 
iug a small globe is that^due to “arlsorption” of gas. on the snrfate^of 
the^lass. * * • , 

To obtain accurate results, it is absolutely nccessaiy to li.ave the interior 

' • — -W ^ ^ ^ 

* For the “globe” metbo(i*i’i/’/« M<u'h-y, Aw. nf. : Znisch. phi/sifaK 20 , h ; 

22, 2; Rayleigh, Pior. jioy So'-., lliPa, 53 , pi; bediic, Ann. ('Jinn. Phi/fi., (vii.), 

15 , fj; (Jray, Trans^Cknn. Soc,.^ lOO.'s 87 , 1'lOl ; Pcrniaa .tnd Davie-.. ll«y IflOh, 

A, 78 , 28 ; lUiime, -1. Vktw j)hys,, 1908, 6 , 1. For lift’ vobmeter motliod, sr# Morfty, loc. 
cU .; Gray and Burt, Trar^. Chem.. Soc., 1909,* 95 , 1633 ; Pcrinun and pavic.s, Joe. cit. 

^ Rcgnaiilt, Compl. rtncl., 1845, 20 , • « 
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• • of the globe pei'^etly dry, and to ensure this, after fb'St repeatedly filling 
tlie globe with pure air dried by phosphoric anhydride, it is necessary tO' 
fill the globe repeatedly with the pure, dry gas and evacuate. Successive 
density deterMination?'then give concordant rc/Siilts, provided care is taken 
to maintain the globe vacuous betweei! the experiments. 

A _ Tlie contraction undcfgone by each globe when evacuated was directly 
measured by the method suggested hy Travers;^ for tliis purpose tlie globe 
was supportfed in the interior of a large desiccator, the stem of^tho globe 
f passing through one of the holes in a stopper in the desiccator lid. Through 
the Either hole a calibrate<l vertical capillary tube was passed. The desiccator 
was filled with water and iiniiiorsed in a constant temperature bath; and 
the contraction of the globe was obtained by observing how far the level- 
of tho water fell il5 the capillary tube when the globe was evacuated.“ 

T’ho globes were always filled with nitric oxide at the temperature of 
meVting ice and under a jircssiire slightly in excess of atmospheric ; ilic tap' 
was opdiicd to allow the pressure to fall to that of the atmosplierc, and' 
then closed again. The globe was then dried and weighed against its. 
'counterpoise. • 

• Tlio’oalcuhition of the results, with all necessary corrections, is explained! 
on p. 130. No correction was ajiplied for “adsorpliou’’; hut’allowancc was 
made for the deviation of the gas from Hoyle’s Law. 

(ii.) The'volumeter method renders it possible to oeal witli large (piantilies 
of gas, since tho apparatus for measuring tlic volume need not be portable. 
The weight of tlie gas may he determined in two ways, either by disengaging 
c the gas from an apparatus which only allows purii, dry gas to ese^ipc, and 
determining the loss in weight of the apparatus, of by removing the gas 
from tho volumeter after its volume, temperature, a»id pressure have been 
determined, absorbing it by suitable iboans, and determining the increase 
in weight of tho absorption appara'tus and contents. The former method 
was used for the nitVogen-hydvogeii mixture (p. 25‘J); the latter for ammonia 
and nitrous oxide. 

Tho arrangement adopted by Guye ami ?inl/.a is shown in fig. 77. The 
globes A and H wcri^ calioratod by detormiuing the weight of water .‘"t 0* 
that filled them''to tlic marks a and Their combinea volumes amounted 
to 3b02'63 e.(^ * The “dead spiice” extendinj^'from these marks to the tap 
L in one diroci^fon, and’Tlie zero-point n of tho mercuTy'nIanometer in tho 
other, w^s separately determined, as also was the space between the taps 
H, I, and Ii. 

In conducting an experiment, the absorption tube C, containing cocoanut 
charcoal, was evacuated, weighed, and attached to tho ajiiiarati's as sliown. 
The-i'.pparatus, wliich'’had previously bisen rinsed out several times with 
pure, dry gas, was evacuated, and then slowly .filled with gas until the 
pressure was about one ^atrm^sjihcpo. The globes xvere surrounded hy molting 
icOj avid when the temperature of the gas had reached 0® 0., the ta]>s I and L 
wore closed, thenhereury adjusted to the mark y, and the initial pressure 
of the gas accurately observed. 

The space II I L was next evacuate*!, the tap I closed, and then, by 
suitably manipulatkig the Laps H, L, and K, the gas was absorbed in the 


♦ •' ** 

^ Tt.ivci's*, The £xj)ertmentil Study of Gases {liLtcniilhii k Co., 1901), p. 119. 

2 Cf. Baumo, J.,Chim, phys.^ 1908, '6,' 16; this paper co’'tains full detuila of the . 
experimental methods used at Geneva. 
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charcoal contained irt the tiiho C; this tube was cool(?d a bath of ether 
and solid carbon dioxide. After most of the gas iiau been absorbed, the taps 
H and L were closed, and Iho pressure of the re-siduat gas in tj^o globes 
doteriuined. The ga.s cont.-yned between H. f, and f., was pitrnjied out and 
measured, and the absorption tube reifioved and reweigiied. 

In calculating Mie results, the diireronee bel<>eeii the initial and final* 
pressures v/as taken, and the densities dedin^d according to the method 
given on p. 130, the correction for elasticity of the? glass” is, liowover, 
unnecessary. Due allowance was made for the fact that the temperature, 
of the g.as in the dead space was not 0* ()., and the results wore corvectM for 
the known deviations of the gases from Doylc^.; Taiw. 

Cnye and Pintm (amsiderod that by still leaving an appreciable anfonnt 
of gas in the volumeter at the end of an experiment, linv “adsorption 



effect was eliminated from tiicir results; but this conclusion is erroneous 
(rf. p. 108).^ • 

Reference only can be made to the measurements of compressibilities and 
critianl constants {vkk sujfva). 

Stateiftent of Results. Amlyticd Metho'h —^i.) Gravinu-trio analysis 
if niU'ons oxide. In live experiments, * ' 


Hence 


5'G269 grms nitroi*s txide yicldid 2'(W54^'r«is. oxygen. 
0*: t 44*015 : 16, and N = I4-Ou8. 


'The presence of a trace of air or oxides o^.carbon in the gas would lead to 
a slightly high value for Jhe atomic weight of«nitrogvJ. * 

(li.) Gravimetric analysis of nitrogen peroxide, fn s^ven experiments,* 

10’3522^rms. nitrogen pcroxifle yielded 7T999 grnss. oxygyi.. 
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A trace of oxy^^oiV dissolved iu tlie nitn>j;en peroxide \v(!)idd cana^ tlie result 
to be rather low. 

(iii.) ^Nravinlctri'J*- analysis of nitrosyl chloride. In (ivo experiments, 
0-()007 ‘^rm. iiilro-ien were obtained and'OGOSl grin, oxygen, 

. Hence t „ 

N ; 0 ; : 14*000 ; 10 , and N = I 4 ‘ 006 . 

*. * # 

(iv.) Volnnn'tric analysis of nitrous oxide. As the mean of four 
‘ experiments, 

1 litre of nitrons oxide at X.T.P. yielded 1*00717 litres (if nitrogen. 

But increase in volume of iron spiral, due to oxidation, amounts to 0*30 c.c.; 
hence corrected volume of nitrogen is 1*00087 litr(;s. Also 

' 1 litre of nitrons oxide at N.T.l*. weighs 1*9777 grfns. {vhJe infra), 

1 * „ nitrogen „ „ 1*11507 „ (Itayleigh). 

•Hence 

, , ; N,, : ; 16 : 118*012, and N - 14 * 021 . 

(V.) Volumelric analysis of ammonia. As the mean of thr(*e cxpoi*ime*nts, 
Weight of * normal” litre of mi.\('d hydrogmi and n'ltrogcm = 0*3799 grjns. 

Asjj,uming the data of other observers for the densities and compressibilities 
of hydrogen and nitrogen, it follows from this result that the molecular 
volumes of tlu‘M- gases are in the latio of 1*00057 : 1 yt N T.l*, and 

H. : N, : ; 2*0152 ; 28*0;!0. whence N - T 4 * 0 I 5 (M - 1*007(>). 

Guyo and Piutza only attach a conOrmatory significance to this result, and 
therefore the detailstof the caleul.ition are omitted. 

Vhi/M<‘al Mcthodi: (u) J)aia, - The valiu's obtained for the weight in grams 
of a normal litre of gas arc as follows:— 

Nil.. f • • • ■ 0*77079 (nifan of 5) - 

N.,0 . 1-9777 ( 3) 

' NO ’ . . . . r3402 ( 14) 

The folhoving are the values of .\’| at 0* (b (see p. 132): — 

Nil.,. N, 0 . NO. 

+ 0-01521 +000742 +0*00117. 

(IliiylfiKli) f- 

<1 

‘^ie‘'entieal constants are as follows:— •• • 

, ' . rNUJ." N.,0. NO. 

Critical temp, {ahs!; , . . 405*3“ ' 3li*8“ 179*5", 

• pre:^s.*(atm.) . . . 000*(r ,77*S 71*2.* 

The yalues for nitrons oxide and nitric oxide are dne to Villard ^ and 
Olszewski" respectively.,. ' • 

( 6 ) Calculation %f Molecnlar )Veiijhts Atomic Wei<ihi of Nitroijen .— 
(i.) By Limiting Densities. Assuming the values 1*4290 and +0*00097 

* "Villard, Coinpt jfnk., 1894, Ii 8 , 1096., 

* OUzejv^ki, [v.], 39 , 188. 



.TOMIC YEIOHTff AND EQDIVaKenT *OR COMBINING WEIGH’JS. 26S 


respoctivfb' for tlKi*noniiul dontsity suid the cttefficionfc Ai for oxygen, and 
applying the formula {.'}) dedneed on p. I.'’l3, we hav- •— 



1 

r- • 

1 *A'. 

.WDlgllf. 

*.Vf<'ini(' W'eight 
■if Xitrogon. 

Nil, . 


0-7/08 

0 9S179 

17-otr.^ 

• i 

N..0 . 


1-''777 

0 992..8 

41-001 

“ i,1992 

m 


1 -3402 

0 99ss:5 

20-006 

I4OOI 

0 , ■ 


1 ■1290 

0-9990;i 

• 

;t 2 -ooi) 

(sliinil.inl' 

i4-(K>6 * 


(ii.) From (h’itit'al ('oii^ranls. Applving tlie formula; of p. l.'il (o the 
data already given, the following resnlls are ohtained 



b. 1 

1 

10-^//. 

10 10 ’(V 

10 

MuK-ciil.ir ; 
Wc)”lir. : 

! 

.tloiiifTWeight j 

1.4’ Niliogt'ii. 

i 

INK, 

4-7708 

.S59 : 

170 

llfi 

17 0:ii; 

* U'0‘3 ’ 

! N„6 

1-9777 

719 

1 1S5 878 

156 

11-OOS 

14-004 

; NO. 

L _ • . 

1 -;uo 2 

2.07 

i lU'i i ... 

1 


;3o-oo!i 

14-009 

—J 


Summary of Results.- -The various ivstdts olilamed hy <diye,nnd 
his eollaltorators lor the alomic weiglit of nitrogen are given ni the following 
table;-- • 



Analylical.''* 

* 

l*liysicnl. 

Graviint'liic j Vnlumoltie 

AimlyMs. fViialy-is. 

* • 

Ilf'lisilv 0 
bllllil''. 

Ctilieal 

Coii'-raals. 

T • • 

N,0 : 0 
NO. ; 0., 

1 N ■ 0 
(la NOfJl) 

]im* N„0 : N,. 
ll-O!0 N .-iMi 

14-006^ • (indiiecl.) 

14-021 

14 01.^1 

Nir., 
»N..O 
NO . 

0 

i.'i-oJ-j 

14 001 
,14-006^ 

.. 

•.Mf, 

► N.,0 
^ NO 

0 

14-013 

14 004 
14-009 


The mean of the three gravimetrie values is N = l t (H)H, mm-h the best 
ienes beii*g undoubtedly that K'lating to the analysis of nitrogen peroxide; 
111 each ease flie dclermination was a direct one. * 

The resftlts of the volmueirie analysis confirm the gravimetiic value; 
die value obtained from tfn* u*ialysis of ^iitroHs oxid# depends, however, on 
die densities of nitrous oxide and nitrogen as wetl as on thft volumetric 
"a^io measured,^while the um^rtainty coneorning the vriliic deduc^d 4roin 
die analysis of ammonia Tins beim already uientioned. 

Turning to the pliysical resijts, it is fieen that tlie nicaii vahie deduced 
>y the metliod of critical constants is N = U-OOti^ in*close agreement with 
die gravimetric vniuc. It should he lemeinbere*!, however, that this mefliod 
)f calculation ts empirical, although it yields good resuits for a npmboj: of 
)ther atomic weights (see p. 135). ^ • • • 

The results obtained liy the methoefof limiting densities .are, in the cases 
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of ammonia and ^litroua oxide, distinctly lower than thfe gravimQjtrio value. 
These two gases are readily liquellod, and with such gases tlie molecular 
weights obtained hy this method are ns^ially rather low, probably owing to' 
AJ being overestimatef^b Tlie method of extrapolating for AJ, adopted by 
Jaqnerod an(^ Shener for ammonia, is*'open to criticism; while Rayleigh’s 
value for AJ for nitrous ^ oxide is almost certainly too largo, since it is 
obtained by a linear extrapolation. The value N = l'4 006 furnished by 
nitric oxide b, however, in good agreement with the gravimetric value, as 
also is the value deduced from the density and compressibility of nitrogen.^ 
The cxperimenlal work carried out at Geneva therefore leads to the 
rounded-ofF value N = H’Ol.^ < 


’ Bertbelot, Compt. mirf., 1808, 126 , 954,1030, 1416, and 1501. 

^ For a full discussion of tlic atomic weight of nitrogen, see («uyo. Bull. Bor,, (Viim.t 
1906. 33, 1 ; Chrm. B^rws, 1905, 92 , ‘201, ‘27.5, 285 ; 1906, 93, 4, 1,3, 23, 3.5 ; Gray, Trans. 
Chem. So^i , 1906, 89 , 1174 ; and for furtlier modern work on I he atomic weight of nitrogen, 
see Gray, 7’rons. Ohein. Soc.. 1905, 87 , 1001 ; rermaii and Davies, Broc. Hoy. Boe., 1906, 
A, 78 , 28 ; Richards and Foibes, J. Amer (Bicm. .SV., 1907, 29 , 826 ; Ricliuids, Knetliner, 
Und Tiede, ihxd., 1909, 31 , 6 ; Wourtzel, Compt. rend., 191*2, 154 , 115. Sco also Vol. Vf. 
of this scrips. 



CHAPTEK 'VIlV 

CLASSIFICATION OF THE ELEMENTS. 

Olas«ifk:a’eton of thk I'j.kmknts. 

Thk educated mind always ciideavourK to classify and airango isolated things 
or ideas. lienee it is not to be wondered at that, when once the Atomic 
Theory, as ciiunciated by Jolm Dalton, liad been aeceptefi,’ ifuiiierOue 
attempts vvoro made by chemists to discover some method of grouping 
together those isolated portions of matter known as elements. these, tlie 
etirlio.st was that of I'rout,^ who, in ISl.'i, siigf;ested lus famous hypothesis 
that the atomic woij^dits of tlio eleiiieius are ])rohably exact multiples of the 
atomic wciglit of liydiogcii. In Prout’s opinion hydrogen correspondeef to 
the irpwTi; vXi) (proti^le) of tho ancients. 'I'liis liypotliesis w.as warmly 
welcomed by 'Ihonias Thomson, who carried out a number of experiments 
with the direct objeetT of'jroving tjje liypotliesis to he true.® Ilis results, 
however, were viewed with Ihe greatest, suspicion, particularly by Porzclius,^ 
who, in 1825, published a revised table (J:' atomic weights, tli'e values for 
which latter dillered very widely from those given by .Thomson, fn 1829 
Edward Turner,^ a supporter of Prout’s hypothesis, confirmed the value 
j^cribed by Berzelius lor tiie atomic weight of barium, proving Thomson’s 
“TOlue Fo bo insprrset, and four years later he' icnoimcett the hypothesis 
altogether, as also did Peun^' in 18.S7.’ , , • . 

The hypotiesis *vas revived, however, by Huijias,® who, in conjunction 
witli his pupil Stas, showed tliat the ratio of the atomic w'eights of carbon 
and hydrogpn vyas almost exactly 12 to 1. The atomic weight »f chlorine 
(35'5) was a difficulty, however, and in addition copper, lead, and a few other 
elenfents yjelded fractions which conscientious chemists could not round off 
into whole iiembors as Thomson had done. To (^vercomo this, Marignao 
^jroposed to .accept Prout’s hypothe.sis as approximately true only^ aild in 


^ See Chap. I. 

Prout, Ann. iWuY., 1815,* 11 ,*32)*; 1818, I2,_ ^ 

* Thomson, An Att9m.pt t^ EdahJmh the Firal rnneiplcs of Cncfhiitry ly ExtHrimtnt 
(Londfin, 1826). 

* BoMclius gave most scathing oritici^^s of Thomson’s work. “ This investigation/’ he 
writes in Jahreihtrichl, 1821, “belongs to that ve/y small «lass from wlich science can 
derive no advantage . . . and the /^eateat coiiaidoratioii which contemporaries can ehow 
to the author is to treat his book a.s if it hadaiever appeared.” 

® Turner, Phi^ Trans., 1829, 119 , 291. 

® Turner, fJnf.,*1838, 123 , 623. 

7 Penny, ibid, 1839*129, 13. 

^ Dumas and Stas, Ann. (Jhim, Physf, 1841 ,* 3 , [iii.], 6 .» 
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view of the atom^-. weight of clilorijio being, according td his own Researches,^ 
approximately ilo'o s\iggcstcd that half tiie atomic weight of hydrogen 
might lavtiikcn as the unit, a suggestion warmly widcomed by Dumas, who, 
however, sooir found iUnccessary to lialve (‘ven t[us. 

In 1001, liowcver, Strutt'^ raised the question again by showing 
.that the Jitomic weight!^, which, according to modern determinations, 
closely apjv.oximatc to whole nmnhers or are actually whole numhors, 
are far nior6 numerous than the law of chance will allow. In his own 
^ words, “the chance; of any such coineideneo being the explanation is 
not inore than 1 in lOdO, so that, to nso I.aplaees mode of cjprt'ssion, 
we have stronger reasons fo*.' believing in the truth of Trout’s Law 
thaiY in that of many historical eveiits whi(!h arc universally accepted as 
unquestionable.”'^' 

Doeh(‘reinerhad drawn attention to the fact that (certain triads of 
elements exist, which exhibit both a peculiar rcg\ilarity in tludr atomic 
weights^^and a close similarity in their chemical and physical properties. 
For several years the observation was allowed to drop into abeyance, but in 
*’1851 Dumas ^ revived interest in the subject, and several other chemists 
entered the fichl, rapidly adding to the list of regularities. 

In tlie following table is given a list of tlio more important triads which 
show a constant diH’orence in their atomic weights, the values for tlie last- 
named heing'chose published by the International ('omniitti'O for 


Klcniciit. 

Atomic 

Weiglit. 

Ditleiviico. 

Mean of Bxti’i'im' 
Atomic Weight'!. 

LiUiium 

6*9t 

16-06 

16-10 


Sodiuii. 

23-UO 

23-02 

Pntassuiia ' . 

3910 


Calcium 

' 40-09 

•17-54 

411-74 


Stfuiiinnu . 

87-OO 

88-73 

Barium . . 

137-37 


l'liosj>hoiii‘" 

Ais'‘ijic . . ^ . 

:'i-04 

74-96 

43-92 

45-24 

. V. 62 

AatiiiKiuy . ' . 

120-2 


Sulphur 

32-07 

47-13 

79-79 

Solonium 

79 2 

48-3 

'rellurium . 

127-5 


C’doriiic 

35 46 

, 41-46 

47--^0 


Bromine 

79-92 

81'i9 

Iodine 

1-26-92 



^ Marigiiac, Conxft. rf.iid., 1842, I 4 , f'70. 

* Strutt, Tkil. Mug., 1901, [vi.], I„3n. 

3 See also V. Palladino, Chnn.. 'AM., 1909, i. 970; Kgerton, Tnins. Chnn. Soc., 1909, 
9Si ?38 ; J, Moir, f6i<f.,'1909, 9 ^, 17f>2, , 

♦ Doeberomer, see Gilbert's Annaleii, 1816, 56 , 33l', which coiita’ns a report by Wurzer 

on.Doebereiner. Se^ also Doeberciner, ibid., 1817, 57* ^36; and Amuden, 1829, 

15 , 30Ld ‘ - 

** Dumas, British Assoc. Beports, 1851 l Lowpl. rend., 1857, 45> * 1868, 46 , 951; 

1858, 47 , 1026. 
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Tho second grrtii[) oF triads, the atomic woiglits of uro closely 

similar to one another, is listed in the following t'd V' •- - 

Iron . rjo'Si i liutheiiiimj . 101 7 ^Osirfiiiiu . 190‘9 

Cohalt , . r'(S'97 j Whodiiim • . lOll'O ir)iliiim 193*1 

Nickel . . oS*()S | i’alladuan . lOO-* I'latimmi . ll)r)'2 

* « • 


It was hoDod that all tho olenK'uts mi^lit iiUimatrly he groii|H'4 into IrlaSs, 
and thaC'iii this way complete system of classilicutioii of’the elements 
might 1)0 evolved. Hut there were many l•]emen(.s whicli could not 
brought into lino, and when C<»oke^ drew attention to tlie fact iha.; these 
triads actually broke up natural gi'ouj)s «)f elt'nionts, a severe )» 1 ow was struck 
to their utility. Thus, for example, clilorine, bromine, and jodine nr(? only 
three out of the four (dosely related halogens, and a simihfr ohjeetion applies 
to other triads. • 

Numerous othei*regularities and discrepancies were, and have since 
noted in the atomic weigiits assigned to the elements, hut no usef^ system 
of classilication could he ha.sed upon lh(‘m. k’nitlmr, many aMem])ts have 
Itceii made to draw up formiihe whejel)y tiie alomie weigiits of flie elements 
might bo ealmilatc'd, and a cheek tlu'rehy insLiLutod upon the i^'sultt^ obtained 
by evjioriiiK'ut. A treatinent of these, howevi‘r, is bey-nd Ihe scope of this 
work. The reader wishing fo lieeunie acipiainted with liie subject more fully 
is ni'ferred to tho original memoirs listed below.- 

In 1853 Cla(^tone^ arrangerl the elements in the oi-der of inereasing 
atomic. Weigiits, hut owing to the faulty valne.s at that time aeeepUTd as 
eorrect, no generalisations of any partieidar importance were [lossilile. A, 
few years latei*, liowVver, wlieii Liic atoniie waaghts had been revised by 
Canniz/aro, a nunfl>r cJ iiifh'pemh'iil. investigators (Iisro\-ered that certain 
remarkable regularities u^'e hrouglit out by arranging (he elimie.nl.s in the 
order of increasing atomic weights, (^naiieourtois'* appears toliave lieeii the 

» .T. V. Cooke, Awnr. J. S<>.. fii. |, 17 , 387.* ' 

- W KmnuTs, rtxfi. Amuilen, isrei, 85 , 30, 1S;)8, 99 . (>i. Kutilcov.slcy, Ueher die 
dcr Mdalk, /as 1854, Wuai. Lcm^m, Aiomlni, 1857, 103 , 121 . 

I’hil. lilaij.'*, 18.37, [m.J, 13 , 4*'3, ISO, I'cUciik^tVr, ddehrUn 

Aiireigeii, 1858, 30 , 261 ; Avin/lni, 1858, I05« 188 Mercer, i'^iTish ./.s, Jleports, 

18.58, ji. 57. J^iotige'Jc, lit)'., 1871, 4 , 570. AN^cclUcj, /»Vr., 1878. Il, 11 l,er.Hch, Die 
Adkl/'iii'ei'haUnin’it'n dc‘=i P/irvr(C)i:.)/sln)is mu/ die A("in</cii^di!e, 187!*, l..eipzig. lO-dorow, 

I'u!/. Aor. (7t//)L,*1882, [11 ], 36 , 550. Uiizuiolt, J. Jiuss ('heo). S"/'., 1887, 19 , 07. Delumioy, 
Vo7npi. reml, 1888, 106 , MOf/; 1007, 145 . 1270. Stnuisky, Moixddt , f880, 10 , 19. 

Adkins, Clicm, Ataw, 181)2, 65 , 123. J Ini in Iib, (.'oDipl. und., 1893. 116 , 695, 753 ; CheTH. 

Ze)d)-., 1906, li. 197; Covipt ra\d , 1909, 148 . 1760; 1909, 149 , 124, 1074; 1911, 153 , 

817. MeiiSi, J/er Monnyunis drr Awmifii'hi'r. I'i/rmnitni, Ijiegnitz, 1893. Lntliar Mcyci 
Jkr.. 1893, 12 , 1230. .1 Thomsen. Hu/f Aead Jhnu'.nuH-, Dec. 14, 181U Soubert, 

* Zcilsch. anoY'J. Chem., 1895, 0 , 334, M. Tcjili'r, /vjs’ yMat/i71,-1896. Ablwiidliing 4# 

A. P. Venable, The Di vdopiueiH otl^r /Vr<o///c Arne (Ifashai, Pa , 1896), gives an interest¬ 
ing acconnt of most of %,Iio aluno, w’itli full ivfoi'cnccs n^ to 1895. It^dbuig, Zeiitch. 

a^org. Chan., 1807, 14, 66., U Dulk, Ik)' , 1898, 31, 1865. II. du Hois, RapjxiHs au 

Congrt'SInternalivnclc de Thm'igue, 1^)00, 2 , ICO ; II. iTiltz. ikr., 1^C<2, 35 , 56*2. P.migc and 
Precht, Phil. Mag., 1903, ( vi^J, 5 , 476. K. J. Milh, Phil. Mag , 1903, [n.]. 5 . 543.* (J. E. 
Strortieyor, Man. Manche.^fer Vkil. Poc., li)(i7. 5^-]> b N. Delainiay, Chew- yews, 1908, ^ 
9X. 99. D. F. Comstock, lA .4/rtfr. .S'oe., 19(-»!, 30 , 683. Imhreiyl, GVm/A mid., 

1908, 147 , 629 : Bull. .SV. Uhnn., 11*09, [iv.]. 5 , 660,708. N. Howard, C/im. yVcio5„1910, 
lOI, 181. 205, 265.# J. Moir, Afi-mau J. .'id., 1910, 188. K, .Suheringa, Vhevi. 
ired-blad., 1910,7, ‘•O?- Lomig, Chem. »ws, 1913, Io8, 247 ; J914, 109 , 169 ; J914, * 

no, 26. . ^ ■ . “ • * 

^ Gladstone, Phil. U^ig., 1853, [iv.], 5i^’**fh 

* Chanconrtois, Covipt. raid., 1862, 54 , 7^7, 840, 9(^7 ; 1862, 55» 263, 

479 ; 1866, 63 , 24k See JIarlog, Nature, 1892, 41 , 186. 
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firsfc to observe th^i, and he arranged the elements in a spiral ronn(^ a vertical 
cylinder, whoso surface was divided into sixteen vertical sections. The 
elements situate in,any vertical column were seen to possess analogous 
chemical and pJiysical properties. This arran*gen)ent became known as the 

Telluric Screw. 

, About the same time »Nowlands was working along /ery similar linc^ 
and in a seirt's of classical papers,^ introduced his fainoiis generalisation 
known as The La^v of Octaves. ' 

^ At first Newlauds’ papers were made the subject of ridicule, but before 
long Ijothar Meyer ^ and Mendcli^eff,^ both indepcn<lontly made similar 
observations. According to Neydands’ Law of Octaves, when the elements 
are arranged in the order of increasing atomic weights, the first and last of 
any eight consccutrve elements possess similar properties; in other words, the 
properties of the elements are periodic functions of their atomic weights—a 
generalisation which became known as the Periodic Law. At this time, 
however,*not only was tiic number of known elements relatively small, but 
the values assigmal to their atomic weights were still often faulty. As more 
elemeuts were discovcKcd, and tlicir atomic weights were determined with 
greater a*Mirapy, the value of the law became iucrcasingly apparent. The 
periodic table drawn up by Mendelceff in 1871 is shown on p.'2G0, and the 
modern Lible, which forma the basis of the classification of the elements 
adopted in thd present scries of text-hooks, is given as the frontispiece.,. It 
will be observed that the two tables are substantially tlic same, save 
that an extra vertical group has been introduced into the modern table in 
^ order to enable the inclusion of the inert gases which, of course, were 
unknown in 1871. This new group has been appropriately designated 
as Group 0, for reasons that will be evident laU^;'. For the sake of 
convenience, also, tlie rare earth elements are ino^uded in the modern table 
in Group III.' 

A careful oxamiiuition of th6'se tables reveals the following interesting 
points:— ' 

In McucleldefT's tabic there arc two short horizontal series each containing 
seven elements, no two cf which in either separate series rcsemljle^n^ 
another. But tHo first, second, etc., members of the first 'oCries resemble 
very dfosely the corresponding mefabers of the stcond series; in other words, 
there is a rocurrouce of properties with every eighth ehuntnt. ‘ 

Passing on to the succeeding horizontal groups, it is observed that it is 
the alternate elements in the vertical coliuims that resemble one another 
most closely. T’lius, for example, in Group T., copper and silver are more 
closely related to one another than are copper and rubidium or than silver 
and c/esium; and the same is tme for rubidium and ca'sium.* Hence it is 
customary (see frontispiece) to group together the next two horizontal series*' 
as one long series of even and'odd members respectively. This arrangement 
allows of the inclusion of*the elements of the eighth group, namely three sets 


* Newlands, Chem, 1864, lO, ^9, 94; 1835, I2, 83, 94; 1863, 13, 113, 130: See 
On the IXscovery of the Periodic LafiO, and on delations among the Atomic Weights 
(Lopdoii, 1884). ( * ' 

^ liOthav Meyer, Die Mode-men Theoricn der CheUie, Breslau, ?i864 ; Annalen, 1870, 
Suppl 7 , 864; 5er., 1873,6, 101. , , 

^McirieLeF, J. Jiuss. Ch^m. See., 1869, 1, 60; 1870, 2, 14; 1871, 4, 26, 348; 
An-naUn, 1872, Suppl. 8, 130. See also OsiAWild’s KlassHcer der Whseneehaftenf 

No. 68, which contains a collection of paper/t by bo(h chemisna. 




See Mendeleetf, Ahnalen, 1872, Suppl., 8, p. 1^1. 
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f C 

of triads, tiie ^^el^ients in each triad possessiii" approximately, the same 
atomic weights. These are freipiently termed transitional elements and 
connect the even and odd inomhers of the several long series 

Turniilg ncjw mdVe^particularly to the nftidcrn'tahlc (see frontispiece), 
which, on account of its greater coiiniletoiiess, is worthy of careful study, the 
following points arc ohservdil:— , 

f 1. The ejenients of Group f. and II. exhibit a liij^hly electropositive 
character, whej'eas tlnse in Groups Vf. and VII. arc just as strong^.y olcctro- 
r.egativo. Midway between tbese groujw wc have carbon and silicon, the two 
*nrst memhers of Group IV., wliieh are holli eleetropositivo and electronegative 
upon occasion, and thereby a(lb;d excellent justilication for retaining their 
positions. 

Disregarding G^oiip VIII. for the monumt, we sec tliat the inert gases of 
Group 0 constitute a very fitting unxin between the electronegative oleinonts 
of Group Vil. and the positive elements of Group 1. 

2. Thn valencies of the elements in the several groups show a regular 
increa.so as wo pass from oni> group to anollier. 'tlms, considering tlio 
OiXygen eompouiids only, the valoneies increase from 0 in Group 0 to 8 in 
Group VIII. On the otlicr hand, the most stable hydrides arc yielded by the 
eleirients in (Jrbups IV. to VII., which now exhibit a valency fa'Iling from 4 
in Group IV. to 1 in Group Vil. (see p. 286). 

3. All threr'elements of any one of l)oei>eroincr’s taaads occur in one} or 
other of the vortical columns. The Periodic ('lassification thus shows the 
conn/'ction between the various triads themselves, as also the rclatii)n 
between them and the other (deifioiils which exhibit no sim])le uniformity 
Sn the numerical values of the atomic weights assigned to tiiem. The 
advantage of this is stupendous, and in the Periodic ^System we have the 
only moans as yet discovered of gronpifig all thli elements tfigother as a 
consistent who^e. 

4. Nuiihm-ous blaii5;s occui In ^he table. Presumably tliese indieate the 
existence of hitherto undiscovered elements (see p 27b). 

5. As a general rule, the metals possess the highest atomic weights. 

Not only are the chemical proficrlics of the elements periodic functlQiia . 
of their atomic w^eiglitS; the same is likewise true for many of'ftheir pliysical 
characteristics, l^is is well illustvalcd by tlie jctomic volumes—that is, the 
volumes of the grum.atoms'iobthe elements in the solid stitxe. in the curves 
(fig. 78) the atomi(5 volumes are expressed as ordinates, the rtomic weights 
being exprd^sod as the abscissa', according to the method first proposed by 
Lothar Meyer. The atomic volumes in thic liijuid state have been used, in 
the case of elements, such as hydrogen and helium, that are gaseous fft 
ordinary temperatures, ol cursory glance suftices to show the'symmetrical 
arrangements of the metals, metalloids, and non-metals, but the system is 
inferior to the cheraicalgilassifiaxtiou.already cwifexfcrod, inasmuch as it does 
not indicate clearly whefi each curve is complete. Consequently it usually 
afford] but little Ijo-P cither in the search for fresh clerfients or in tKe 
attempit to correct existing atomic weight values.^' 


* ‘IwlhAi Meyci, Modern 'i'lieorief of Ckenii'^try, tt^inslatod by Retlsoii and Williams, 
(hoiigmans k On, 1.S88); Th^ Pr)napl‘"< »f'Clvniistni, liy MendeloelT, tuuislatGd by 
Kamebsky. edition (^A)iigmans & tU, 1892); IIopkiii.s, Amer. Cherfi. 1911, 33 , 
1005. .For a nubibor of other atomic weiglji icui vcs see Wedekind and Lewis, Atomic 
iVtigU Curves ^tuttgav^, 1910). 
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Other peri'odic properties are 

The crystalline forms of various I 
^ompoundt^ of the eloinoutsd j 
The mcHing- an^'boiling-points j 
of the elements.^ n 

Heats of chemical oonbinatiou.^ 
Valerrcy.* | 

Ionic mobilities.^ 

Changes of volume on fusion.'^ 

, Ionic coloursJ 


Conductivities.® 

Hardnesses of the elements.® - 
Distribution of the elements in the 
earth. 

liofractivo in<li/;e3.^^ • 

Compressibilities.^^ 

Densities. ' 

Magnetic Biiscoptibilities.'^ 

The spectra of the clements.^^ 


With regard to the spectra, Kay.sor and Ibinge and Kydberg noticed 
that those elements the spectra of which are known to contain doHnite line 
seriesd*^ may be classitied according to the general characteristics of their 
spectra into exactly the same families as are given Vy Mundehietrs table. 
The spbctr.a of sodium, potassiiiin, rubidium, and ctesium, for instance, all 
consist of doublet series and correspond with one another almost line for 
Aine; and since the “line” P (1) of the lithium spectrum lias been shown to 
be,a doublet, it is very probable that all the others arc close doublets and 
that the spectrum is analogous to the spectra of the other' alkali metals. 
Rydberg also noticed that if the common “ convergoiioo freipiencies ” of 
the two suDjrdinate series in the spectra of the ^elements, or the Ijmits 
of the principal series, are plotted against the atomic weights, the points lie 
on a periodic curve very similar in shape to that obtained by plotting the 
values of r/W- for D and S doublets, or I'l/W- for D and S trijilcts, 
against the atomic weights (W); and further, tkat not only are the 
values of v/W^ periodic fuiictiojis of W, but so also aro the magnitudes v 
themselves.^" ■' 

T. W. Richards has pointed out that the heats of formatiou of the typical 
oxides (referred to ^ne-gram ectPdvaloit of oxygen), the melting-points and 


^ Soe ])j). 70 to 7f>, where jpoinorpliisin is hilly dralt wiUi 

® Hce Oarnellcy’H muperous jiijtors in Trans, ('hem Hoc , Troc. Uq'I. Hoc., and Ihil. 
from 1876 onwarefe* 

^ A. P. Laurie, Mag., 1883, fv.], 15 , 42 ; Richauls, Tians. Chcni. Hoc., 1911, 99 , 
1201 . , ^ «. *- 
. ^ See n. 286 ; also Keeil, Trans. HI Louis Acad. Hci., 1885, 4 , No. 4.^ 

* Bredig, Zeiisch. pkysikal. (Aiem , 1894, 13 , 289. 

* M. Toplcr, IFied. Annalen, 1894, 53 , 343. 

^ C. Lea, Amcr. J. SeL, 1895, [hi.], 49 , 357. 

® Sander, Chem. Zentr., 1899, ii. 955, tVom Elecir. Zdt., 6 , 133. 

® Rydberg, Zcitsch. phydkoL Clte»\, 1900, 33 , 353. > 

L. de Launay, Compt. n.iul., 1'‘64, 138 , 712; V. Poachl, Znf>ch. pkysikal. Okem^, 
1908, 54 , 707. 

” F. L. Bishop, Amet'. ChenJ^T., 1996, 35 , 84. ' 

T. W. Richards. W. IT. Stull, F. N. Bunk, and F. Bonnet, Carnegie JnsL Puhlica- 

TW)7, No. 76; Z^Usch. Eleklrochcm., 1907, Ijt 5l9; 'Zeiisch. pl^ijs'ikal- Chem., 1'007, 
61 , 77, 100; J. Anier. Chem. Hoc., 1909, 31 , 154 ; K. Oruu^iseii, Physik, 190S, [iv.], 
26 , 393. 

Posclli, Zeiisch. anorg. Chon., 1808, 59 , 10^ 

M. Owe.., Proc. K. Alad. H'etcnsch. Aniskrdam, 191k 14 , 637. 

•/il® See Kayser end Range, Pi'^ted. Awialcn, 189^ /\l, 302; 1891, 43 , 38.5. Rydberg, 
K. Hvenska Vct-AkmL Hnndl,, 1890, 23 , No. 11 ; JVied. AvnaM,, ISOl, 50 , 629 ; Astro- 
pliysical J.. 1897, 6,'233 ; Baly, Spe<;troscopy (Longman-s & Co., 1905), C'liap. xv. 

Sfrft |>]).'*235 and 239. " a 

” Rydbccg, loc, cit., and Paris International Meporls, 1900, 2; 200. 
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^06 eiectitdd^ potentials of the elements, when pI 6 tted ag<»t^v kuo avomld"' 
weights, gi^^e rise to periodic curves somewhat similar to' the atomic ^oluihe. 
Icui^e, although the actual “periods” on the curves are different. For 
-instance, the summits on the “heats of formatior o; tlit oxides”< 5 urve are, 
oociyied bj Li, Mg, Ca, Sr, La, etc.^ , ' ■ 

Imperfections of the Periodic Classificjttion.—It is not surprisingj 

that a system of 'classification which aims at embracing not ^nly all 
known but also the unknown elements existing either in <tlje fr state or in 
various stages of combination in the universe, should have its weak points.' 
These may arise from two causes, namely:— I 

1. An imperfect knowledge of tlic law its(jlf, which either leads us to seek- 
too wide an application for it, or to limit its sphere of activity by seeking to 
confine it within certain narrow and arbitrary boundaries. 

2. Insufficient or inaccurate knowledge of the elements it is sought to 

include within the scope of the law. , , 

As a matter of fat^t cases have arisen from both of these causcf^** Thus, 
when the inert gases were discovered, there was no place for theui in the 
table until the system had been expanded by the inclusion of a separate 
vertical column, now known as Group 0.- This extension not only makes the 
system more eomplcte by reducing the abruptness of the change as wo pass 
from the highly oloctroiicgativo elements of Group VII. to tlic equally higlily 
posifil^e members of Gj'oup I., but it also widens tlic scope l^y yielding a 
series of blank spaces which may in the future bo filled in with tlie names of 
elements not yet dftcoverod. • 

As an example of discrepancies arising from the second cause, namely, 
insufficient or inacciirajo knowledge of the elements themselves, tlic case of 
osmium, iridium, and platinum may be mentioned. 

In 1870 tlicsc eltiiiof.^ were tjeliovcd to have the following atomic 
weights:— .• 

Osmium . . • . 198'fi 

Iridium.196tf 

Platinum .... 196-7 

According to thi.s, their po.sitioiis in Group llll. should be reversed, 

. platinum coming under the same vortical column as iron aiijj ^iitheniim^, the 
metal osmium boin^ relegated to the third vertical column, under nickel 
and palladium.* But such an arrangement is oppose3 to tli 6 general properties 
of those elements, platinum resembling nickel and palladium nKjre closely 
' than it^dooslron and ruthenium, the reverse being true for osmium. Subse- 
quei^ research, however, has shown that the atomic weights assigned to the 
above threoelements in 1870 wore inaccurate, the values recognised by the 
• International Atomic Weight Committee for 1917 being as follows;-*- 

Osmium .*# •. . •. 19(V9 

Iridmm . , • ■ • • f93’l 

•♦Pli^timiln • . . . 195-2'» . 

• 

The discrepancy, therefore, no longer exijjts. 

J’here still remain, ^I^wover, ft few rcmtirkable* exceptions •to the law.’ 
'^rhese are as follows:— f • 

_ __ _ • _ _ • __ _ 

' T. W. Rickards, The Faraday Lcctme, Trans. Chtm. jSW., 1911, 99 ,*1201? 

* I^many, Rer., ^98, 31 , 8111. See Itit II, of this Volume.* 
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1. Argon and Potassium .—With an atomic weight off,39*88, aivon should ^ 
Ue between potassium and calcium in the periodic table. But there is no 
room for it, and to interchange the positions of argon and potassium by 
placing tiic letter Uen^piit in Group 0, and<the former in Group I., would, 
obviously destroy tlic symmetry of the-whole (see this volume, Part II.). 

2. Tellurium and loi^ne. — From chemical considerations tellurium 
'properly belongs to Group VI. and iodine to Group VII.; but the atomic 
.weight of the formei eli'inent is found to be higher than that of iodine, which 
' implies tiuit the positions of these elements in the table should be reversed 
‘ (see Vol. VII.). 

Ntckel and Cohalt. —The atomic weight of nickel, as determined in a 
variety of ways, is slightly less than that of cobalt, a result which places it 
between iron and cpbalt in the eighth group. Nickel, however, resembles palla¬ 
dium and platinum more closely than it does rhodium and iridium, the reverse 
l;)eing true for cobalt. Furthermore, by placing cobalt helAvtaui iron and nickel, 
a more .gradual variation in the propertic.s of the three elements becomes 
observable. Thus, for example, wliilst iron forms two series of well-defined 
fialts, namely the ferric salts, cobalt forms cobaltic salts only with compara¬ 
tive difficulty, and nickel only yields niekelous salts. Kvidcntly, therefore, 
the true jwsition of cobalt should lie between iron and nicked (svO ^'oI. IX.). 

In addition to the above anomalies there ai'c several indications that the 


periodic system is not perfect as it stands at present. i Of tliese tlie following 
are the most important;— 

■ 1. dlie Position of Ifgdrogen .—It is generally agreed tfmt the valency of . 
hydrogen is unity, and this open.s up two [)ossiblc [>ositi()ns foi’ the element , 

' in tlio table, namely at the licad of ojlher tlic first or the seventh group. In 
accordance with its low boiling-point, and the diatomic nature of its gascou.S' 
molecule, many chemists prefer to include hydrogen’^in the seventh groun 
along with the halogens; and this >s apparoitly justified by the fact that' 
solid hydrogen bears no rcsembluiicc whatever in its physical properties to 
the alkali metals,—-*on the coiVrary, it is tyjiically non-melallic. ' Further¬ 
more, Moissan^ showed that in the metallic hydrides liydroge" lik'; 

a non-metal, inasmuch as the hydride's do not conduct tk 
and hence canujt ffC regarded as com])arablo with 
chemical behaviour of hydrogen i considered, hmts .spoa^cV^ 99 

of its metallic n^tiire. The most stable compounds <^1 
metals generally, arc tliose fortjied by union with 

Thus, fol*' example, although the halogen.s exhibit bii^.^^’f vV:& ^ V to 
combine amongst themselv(;s, save in the case of the twy^*’ 
fluorine and iodine, yet they yield very stable comjrounds' 
the metajs. The same-'truth applies with more or the 

other non-meUllic elements known. Oonsequentlj^ itb^; -‘ms mf^st natuVal to 
regard hydrogen as analogois to a metal, -a'^J'as sj is a more fitting 
forerunner of tlie alkali iiietals than of the halogens. ^,^,0 present series of ' 
text-books, therefpue, hydrogen will recoiv(! ^lotaileQ trcainilut in Vol. II. * 

‘Z. Group VIJJ. is anomalous in that it is the “only one containing more 
than one dement along each horizontal line. Although these several triads 
serve, as already nignti^ned, (d connect tlie odd and even morahers of the. 
thVfee long series, their function ill this caf u;ity is doujjtful, ami somewhat - 
destroys the syminetry of the wliole (s5c Vol. IX.). „ 


* Moissan, Com.\it, rend., 1903, 136 , 691, 
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OffASStFtCATibNiOF TftK'ELEMENTS. 

*3^ The^Rare Rogrih Mttali (see VoK IV.).—These comprise some thirteen 
«lemen''s—namely cerium, dysprosium, erbium, europium, gadolinium, hob 
mium, lutecium, neodymium, praseodymium, samai iuin, terbium, thulium, 
and ytterbium,—whose atomic weights lie between those^of laiil-hanum (139) 
and tantalum (181). Now filthough a considerable number of blank spaces 
occur in the table between the iiositions usually Assigned to lauthamim an^ 
tantalum, yet if attempt to fit the rare earths into these «in the ustfai' 
manner, the result is most unsatisfactory, jiiid dcstro}^ the minetry aiid 
harmony of the whole. This diliieidty may he partly overcome liv assuming 
that the rare earths arc all trivalent, and groiiping llaun togetlier in th/* third 
vertical column. Although this arrangiuiieui is not ideal, tliare is nmeh in its 
favour, and, for tlic sake of oonvculence, it is the one adopted in the present 
series of text-hooks. • 

Advantages of the Periodic Classification.—l. Jt ufords the only 

hion:n method, of fiati^factorily danxifi/lnrf the ehonentti. ♦ • 

2. By rneeDU of the Periodic the otonuc ireiyhlK if th^clement$ 

may he. determined, when th(dr eiimmlenl ur cunihiniiK/ 'nii/h/s mr hnown. 
I’his is a most important feature of tlie systcMU and w:v^ used to good purpose 
in the ease of gliieinuiu. The combining weight of tiiis element ^as found 
to be bbS, artd, owing to its ap[tarent resemblance to aluminium, Jkirzelius^ 
regarded it as trivalent, and its atomic weight was in (:onsf‘(|uenee taken as 
3 X 4 .hb, namely 1.165. According to the periodic classifiealfon, therefore, 
the element shoul(l lie between carbon (0=12 00) and nitrogen (N ~ 14'0i); 
but there is no room for it. If, however, wo assume the clement t<T Jbe 
divalent, its atomm weiglit is reduced to 2x405 Ot, whieli brings the 
clement between lithit#m aiul lioron. Mere we not only lia\e a vacancy, but 
other elements gronped together in the sumo column liavo properties analo¬ 
gous to those of glneinmn.*, Tliis, tlim-ofore, is its proper place (Vol. III.). 

3. The Corvertion of Inacciirale Taiuea for the. Atomic. iVei'jhta ,—As 
examples of this wo hiive already mentioned*usminm, iriefimn, and jdatinum. 

. 4. The Prediction of the Discovery of Ren Plemen/e, find an Indication, oj 
their General Chemical Characteristics. —The numerous blanks in tiie ])orit>dic 
table arc generally assumed to indi<-ate the e.xistcnef of lulherto undiscovered 
clement?. Proidoiis to 1875 there were threo ga[)s in flic fi^'le pointing to 
the existence of three elements at that tuiKtunkiiown, the .■ftoniio weigRts of 
which were lc» thmfVr). Two of tlieso oecnrred GronpWII. immediately 
below aluminium, and one in Group IV. below titanium. To those hypo- 
thctic^jl eleiiients Mendeleoir gave the names of eka-boroii, eka luintnium, and 
oka-silicon, respoetively, and by studying the known elements in the immediate 
ncigtihourl^ood of the gaps, he was able to give in eonsidorablo detail the 
properties wlftch these elements would bo foiind posstiss. Mis j)ro{lic- 
tions'were v^ntled in a remarkable manner less than twenty yeain after 
publication in the discoverJj>y* Lecoq dc#Hoisllaudrar» in 1875 of gallium, 
possessing all the properties^of oka-lnminium ; of seanilium (oK%-boroti) by 
Nilljon in 1879;*fin(^of ^crmaitfurn (eka-silioou) by Win^lur in 1887? ftJeo 
Vols. IV. and V.) 

Mbdifications of the Perio^iciSystepi. The obvious weiflcnesscs of 
the«Peri^x3ie System, as«d%tailed in a pn’ceding section i4l' tliis cTiaptor, have 
led- to tho aclvanc(j^nont of a ifurprising number of modifications and im¬ 
provements (!). #We have not space to deal with tlicse boro, but jjbo'reader 

* Berzoliuji; Schweiggei’n Jvum. Client. Pha/m., 1816, I 7 , 296. ^ 
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deairbus of purauiug the aubjeet futther is referred to (ihe sppeijded liii 
references, which is fairly complete.’ ' >' 

This Steucthue op t^e Atom and its Bearing on the Periodio 

< Glassification. . ' 

. According to th'o modern view of atomic structure,^ an atommonsists of 
% central core or niiclens of very small dimensions, in which jiractically all 
the mass of the atom is concentrated, and a iminbcr of electrons arranged in 
layera around the nucleus and extending from it to distances comparable 


^ Bauiuhauer’s Sjiiral Arrangement—Baumliauer, Die Deziehu/igcn zwischen dem 
's^ton^ewichte uiid dcr Natnr der chemischm Klcmcnte, 23 (Jivunswick, J870). Con-, 
•.citric Arraiigcjnent—Wiik, Ihrrsok till en pd Atovtycwiylcn Oru7idad Grupperung 

af de kemiska Elemenl.ei'm (Helsingfors, 1875). Von Hnlh’s Sinral—E. von Huth, Das 
periodische Genetz dcr Atomgewichle und das naturlLvhc Eysiem dcr Elemcnie (Frankfurt, 
1^34). Carnolley, British, Association Reports, 1885,; J’hil. May., 1890, fv.], 29 , 97. W. 
aSpring, Tahleon rcjn'esenlant hi Loi Periodiquc dcs jRlciucids CkiiiiiqH<s[\Ai‘gQ, 1881); seO 
PerVorffc Law, hj' Venable (Chemical Publishing Co., Easton, Pa.), 1896, wheie the scheme 
is reproduced. .1. Emerson Kcynolds, Chcnncal News, 1886, 1 ; Trans. Vhem. Soc., 1902, 

,§I, 612. T, Jiayley, Phil. May., 1882, [v.], 13 , 20. Crookes, Chem. News, 1886, 54 , 117 ; 
Tpans. Cheni. >%<'., 1888, 53 , 4>7 ; see also ibid., 1889, 55 , 257. Livt rmoro, Proc. 

Aiad., 1888, 24 ,164. .T. Stomy, Chc7n, News, 1888, 57 , 103 ; Phil. Mag., 1902, [vi.], 4 , 411. 
Haughton, C7f<!?n. Neivs, 1888, 58 , 93, 102. Tchilcheriiie, Bull. Soc. Imp, de Nat. ds 
Moscow, 1890, 1. Sutherland, Phil. May., 1890, [v.], 30 , 318. J. Walker, Ckem. News, 

^ 1891, 63 , 251; Introduction to Physical Che7nislry (Macmillan & Co.), 1899. W. Preyer, 

. Berlin Phys. Ot.s., 1891, 10 , 85 ; Berlin Pharni. Ocs., 1892, 144 Das Oenetische Syslein der 
Cheniischen Elc7nmie, Berlin, 1893, p. 104. Bassett, Chern. News, 1892, 65 ,3,19. Weeloy, 
Trans, Chem. Soc,., 1893, 63 , 862; Aw. CAm. Roc., 1896.„l2, *^85. Rang, Chem. Neios, 
1893, 67 , 178. ^ J. Traube, Ber., 1894, 27 , 3179. A. P. venablo, J. Amcr. Chem. Soc., 
1896 , 17 , 75 ; see also Venable’s Development of the Periodic Law, 1896 (Chemical Publish¬ 
ing Co., Easton, Pa.), wliere full rcferwiccs up to 1895 are given. Lccoq de Boisbaudran, 
Chem. Ne.ivs, 1895 71 , Si71; Conipt. trend., 1897, 124 , 127. J. Tlicniaen, Ze/lsc.h. anorg, 
Chem., 1895, 9 , 190, 283, K. Seubert, Zcii,sch. anorg. Chem., 1895, 9 , 334, Dclauney, 
Compt. rend., 1896, 123 , 600. FJavitzky, Zedsch. a7iory, Chc7n., 1896, 12 , 182, E. Eoew, 
ZeUsch. physikal. Vhe7n.,t_\B^i, 23 , 1. Wilde, Compt. 7e7id., 1897 * 125 , 707. ^lichards, 
Amer. Clwn. J., I/ 1 SI 8 , 20 , 543. Ramsay, Bcr., 1898, 13 , 311 ; Moder7rCh€mistry, 1900, 
p. 50 f The Gases of the. Atmosphere, X)02 (Macniillan Co,). G. Rudorf, 7'hc Periodu 
'Classification and thf /Voftfew g/ 'Che77iical Evolatiosi, 1900 (Wliitt-.ker & Co.), contains full 
references to literature, K. Sniiicison, Zcilsch. physikal. Chem,, 1900, 33 , 63. Armstrong, 

• Roy. Spc.., 1902, 70 , 86 . li. Biltz, Ber., 1902, 35 ,562. Staigmullcr, Zeilsch.physikal. 
C%em-, 1902, 39 , 243. Brauner, Zcitbc/i imo7-y. Chem., 1902, 32 , 18. A. Wernef, Ber,, 
1906, 38 , 914 ; Neuere. A7ischauu7igen auf dem Gcbictc dcr anoryanischen Ohemie (Vieweg, 
Brun.swick), 1905. It. Abogg, AVr., 1905,38, 1386. C. Zeiighelis, Chan. Zei^.., 1906 ,'251 
)294. 316. G. WooiliwisR, Qu.m. News, 1906, 93 , 214; 1908, 97 , 122. Af Minot, Co77ipt. 
’pend,, 1907, 144 , 428. Lonng, Chcan. News, 1909, 99 , 148, 167, 241 ; 1909^ JOO, 37, 120* 
281; Phijsikal. ZeUsch., 1911, 12 , 107. A. T. Cinneim Nature, 1909, 82 , 67. J. )?. 
Tooher, Phamn. J., 1910, frv.}, 31 , }09. C. Schmidt, physikal. Chem., 1911, 75 , 661. 

K. ^mersoh', Amcr. ChmlJ., 1911, 45 , 100. E. Baner, Zeittch. physikal. Chem., 1911, 
' 76 , ^69,*- Toribio Cace^jos, .. 4 w( 77 . Quim., 1911, ^2, 121. E. Adams, J, Amer, 

1911, 33 ,*’684. K. Si heringa, Chem. ]VeAh!^<\ 19IV 8 , 389, 868 . B. v<m[ 
Stackelberg, ZeUsch.physikal. Chem., 1911, 77 , 75. A. van don Brook, Physikal. Zniisch,, 
1911,12,496. Riiyh’igii, Proc. Roy.^Soc., 1911, jA, 85 , 471. E. Sanford,/'Ays, 

1911, 32 , 512 ? J. kmer^ Cham. Soc., *1911, 33 , 1349. Loriiig; Chem. News, 1915, III,"18, 
167y‘181; Buchner, Chem. JZeekblad., 19?5, 12 , 336t,i Rydberg, J. Chvn.phys., 1914,12,, 
586. Harkins and Hall, J. Amer. Chem. Soct, 1916, 38 , 169. ' , , 

* Rubhe(;ford, PAtl ATo^., 1911, [yi.], 21 , 669 ; 1914, [vi.'], 27 , 488 ;‘Sir J, J. Thomson,- 
lid., 1^4, [A.], 7 , 237 ; 1906-, [vi.], 11 , 7^9( The Atomic Theory {OWhnAoJi PreM^191.4h 



fiaSSIEICAHON lOr TAtf 

mtiithe ordinarily icuj/i^cu uvuiub ui wic atour. There is but bno kina of < 
electron, common to all kinds of matter; it carries a charge of negative 
-electricity, termed the unit oliarge, and its mass is 1/1700 of that' of' 

an atom of hydrogen. Tlie nucleus of a neutral •j'tu/ii (wiea^a positive 
charge equal to the sum of the charges on the surroundiug electrons; but 
jjthough the nucleus carries a net f)03itive chaiyo, it may contain iiegativp" 
electrons within its structure. When a radioactive atom undergoes dlS'-'' 
integratio j the a and ft particles it emits ’ are cousiderccl to c«»'Uie from the 
nucleus.^ The mass of an atom is regarded as being approxiinatt;ly propor^ 
tional to the charge on the nucleus. 

Although an atom such us has been described is electrically neutnal, it 
will nevertheless produce a field of electric force in its neighbourhood, Which 
force will be exerted on other atoms associated with it in alchemical molecule., 
Its range of eftbetivo action will also extend to neighbouring molecules, and 
thus forces between molecules will arise and account for such physiciri 
phenomena as the intrinsic pressure and surface tension of liqfuds, the 
cohesion of solids and liquids, etc. 

The electrons in the outer layer are considered to bo hold in position less 
firmly than the others. They aro niobilo and arrange thepisolves oafily 
under the inffuonce of forces exerted on them by other atoms; and some of 
them may be detached from the atom and transferred to another. The 
chemical properties of an atom and such physical properties Its those men¬ 
tioned in the proceeding paragraph will therefore depend mainly on the outer 
layer of electrons, and, owing to the manner in whicli the positions of these 
electrons vary, these properties will vary with the kinds of other atoms witl 
which it is associated. • The electrons in the inner layer, however, are mud 
more firmly lield and are little aficctcd by the proximity of other atoms 
properties of the atom associated •with these electrons will therefore b 
independent of the nature of otlier ataus that may associate \?ith the atoii 
in question. • * 

lleverting now to the discrepancies in ti e Pcriodic*Law as.sociatod witl 
the positions of argon and potassium, nickel and cobalt, and iodine am 
tellurium, it may be said that in the cases of the Isflt t\^o pairs there is Htth 
or no prospect* that subsequent work will change the orefbr of the atomi( 
weights. The conclusion thorofore appoars^inevitable that fhe poailion'of ai 
element in th# Periodic Table is not dependent up6n its «atemic weight, but 
rather upon some other property of the atom to which the atomic weight if 
approxiraatdy proportional. Pursuing this line of thought, it may*bo furthei 
- supposed possible, and even probable, that when this property of the atom 
is identified it will be found tliat its value steadily changes by equal incre 
ments from ofle element to the next wlien they are atranged in th» accepted 
brder of appearance in the Periodic Table. The successive atomic weight 
'differences, on the other fiand, J>eing knoivn td even approximately 

equal, it would then occasion jio surprise if tlie order of the clements^ki the 
' table did occasiohulljiclasfi with^he sequence of atomic weights. * 

There is considerable evidence tluit the view outlined in the preceding 
jaragraph (or some very similar ^ew) is cftjroct and that the “^mknown ” 

• •• • . • 

_ ^ ^ ^ 

^ TbeaparticUja a lielium atom a-ssociateA with two negative charges, and the ^parti(de 
is a negative electron. • • * # 

• .* See, e.ff., liutherford. loc. cU. ; Bohr, PAiV* Mag., 1913, [vi.], 26, 1, 476,-857 ; Fleck, 
■Trans. Chm. Soc., 1914,* 105 ,247. . x # t 
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• property of tho atom is to be identified with the change on the positive 
nucleus of tho atom or, what is proportional to it, the number of electrons ; 
surrounding the positive miclous of the neutral atom. This is essentially 
what is known as Van don Brook’s Hypothesis and is usually expressed with 
reference to the so-called “ {j^tomic numbers ” of the elements. The hypothesis 
\may be stated in tho following manner: If the elements aro arranged in 
irioreasing oider of numher of electrons surrounding tho positive nucleus of 
,the neutral atom and numbered in order 1, 2, 3, etc., then thes^ numbers, 
t which are called the afoinic nmahers of the elements, are identical with the 
numbers of free electrons in the corresponding ne\itral atoms and also with 
the numbers of the places occupied by the olements in the Periodic Table 
when' hydrogen, helium, lithium, etc., arc assigned the places 1, 2, 3, etc.^ 
Owing to the "Tact that it is not known with certainty how many rare 
earth olements and inert gases actually exist, it is not possible to state tho 
Mcao^; atomic numbers of the olements of high atomic '^oight. So far, liow- 
ever, as tno elements from thallium to uranium are concerned, it is practically 
certain that tho nuclear charges of their atoms increase by one unit at a time 
6ii passing from one eUineut to the next in tho Periodic Table—a result in 
accordano© with Van den Brook’s Hypothesis. This follows at once from a 
consideration of tlie known radioactive transformations, provided that the 
highly probable assumption is made that the a and /i rays aro expelled from 
the nuclei of the atoms.- « 

The work of Moseley on the X-ray spectra of tho elements brings many 
more elements within the scope of Van den Broek’s Hypothesis. X-rays are 
^emitted by an element when the element or one of its compounds is bom¬ 
barded with cathode rays, and, by taking advantage'of Bragg’s discovery 
(p. 60) that the X-rays aro reflected at crystal faces it.-’S” possible to examine 
their spectra. Tlio X-ray spectra of th'e elements contain only a few lines, 
of extremely ’short wave-length, and‘‘Moseley found that when the square 
roots of the wave numbers (p. 23 i) of the lines in all tlie spectra are plotted 
in one diagram against the atomic numbers of the elements tho points lie on 
a series of smooth curves w’hic’n approximate closely to straight lines. There 
are accordingly corresponding lines in the X-ray spectra of,different (V/Jinents, 
and the wave nrJnbers of the lines in any one group of corresponding lines 
may bo reproduced with consiiiei^ablc accuracy by a formula of the simple 
type < . ^ “ 




where n is the wave number and A and h arc constants, by assigning N 
the successive values of the atomic numbers. Since the X-ray sj^ectrum of 
an elemelit undoubtedly depends upon the charge associated with the^. 
positive nucleus of its atom, Moseley’s results aflbrd valuable evidence in 
favour of Van den* Bro.ek’s’ Hy|iothesis; and" one particularly interesting 
resi^lt'of this work is that it establishes the atomic numbers of potassiujn, 
argon, nickel, and "cobalt, which are found to be in accordance with the 
positions always assigned to them in tho Periodic Table and not in accordance 
with the atomic weights sequenoo*.® * . . ^ 


t Van (ien Brock, Nature, 1911, 87 , 78; 1913, 92 , 373, 476 ; PhysxLil. Zeitsch., 

14 , 82; ^hU. 1914, [vi.] 27 , 4?)5. 

® Soddy, i^ahrh. Ridioaictiv. EleHronik,,^.^i\ 10 , 188 ; Cheru.. News, 19'i3, 107 , 97.' ■ • 
- > Moseley,' VUl Mag., 1918,, [vi.], 26 , :024 ; 1914, [vi.], 27 , 70S. 
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It mav be also mentioned that the nuclear charge of atom of an^ 
element maybe estimated by determining the power of the element to scatter 
a or X-rays, and that the results, which indicete that tlie nueloar cliarge is 
equal to about one-half the aloinic weight of the are in h\r nooord- 

ance with Van den Broch’s ^ fyjiotliosie.^ 

• . ■■ ■ v-‘ 

lUniO KM5MHNTS and TIIK PeIUODIO Cl,ASSll''lf'AT10N> '* 

• * » . . . 

Although tlio discovery of the radio-elements lias made it diHieiiU t# 

define precisely what is to he understood by an element, it neverlh', less stilf 
remains true that tliose species of matter knoun as eieij.ents undoTibtedly 
form a distinct group of substances and tliat tiie radio-elements thyriuin, 
radium, and uranium, which find places in the rerioilie T;^hli', bidong to that 
group. There is, therefore, no logical reason for denying the title of element 
to each of tlie othei;radio-elements and no apparent reason why all the radjp- 
active elements should not find places in the Periodic; Table. Siiiei^ however, 
on the disintegration tlieory all the radio-edements derived from thorium or 
uranium must have smaller atomic weights thau^ thorium or uraniijm 
respectively, an obvious ditliculty arises since tlu'rc are practically no avail¬ 
able vacant ^daces in tlie table. 

The names of the radio elements, t lie symbols in common use for them, 
anc^ their atomic weights arc given in tlie following talile :— ^ 


THE RADIO-ELEMENTS. 


Eh'inoiii. . 

1 Symbol. 

\ •• 

Atomic 

W.sglit. 

Tliormni . 

' Th 

232-4 

Mesothorium I . 

MsThI 

2-28 4 

Mesothoriiim 11 . 

MsTl.II 

228 4 

Radiothoruini 

KaTh 

228 ■4 

Tliori’’jn X. 

TliX 

224-4 

Thorium }Cma»ation 

ThEm 

220-4 

Thorium A 

TliA , 

2 HI-4 

Thorium B « . • 

TliB 

212-4 

Thorium C 

. The 

212 4 

Thorium C, *. 

: The, 

‘J12-4 

Thorium 

ThT) 

208-4 

Uranium . . 

U 

238 0 

t^’auium 

UX, 

231 0 

Uranium*Xo* 

nx., 

234 0 

Uyuiium 11 

iJif 

•?34 -0 

Ionium * 

, h> 

230-0 

Radium 

\a\ • 

22i5 4 

Niton. 

• Nt 

2-2-2-4 



1 _ 


Element. 

Symhol 

0 

Atomic 

Weight 



- uL. 

Rrjliuin A . . • 

UaA 

218-0 

Radium B . • 

RaB 

214-0 

Radium e . 

Uae 

214-0 

Radium 0, . 

Kaf'] 

2 U0 

Radium (',> f 

Rai^. 

-210-0 

Hadiuni I) . f 

Kill)' 

210-0 

l<<yliiim E . . 0 - 

]UK 

.210-0 

Radium P . 

R.iF 

210-0 

Actinium * . * * 

Ac 

(22«) 

RadioacLiiiiiiru . 

RaAc 

(226 

Actinium X 

AcM 

( 222 ) 

Actimuni Eiuiiiuvtioii . 

A<'Km 

(218) 

Actinium A 

A<-A 

(214) 

Actiuiiun B 

AoB 

(210) 

Actinium e • . 

Ac( 

(210) 

ActiiJiuiut'i 

Act', 

(210) 

1 ) 

• 

Act) 

(206) 

_ « 

• 

— 


^■Goiver and Marsden, Proe. Roy. >%c., 1909, A, 82 , 495 ; (leigcr, I'.'IO, A, 83 , 

>; Barkla, Phil. 1911, [vi.!, 21 , Gl 8 ;f^r a ruitiu'r account of rleii Bri^ka 

nothesis see, in additi«4it5 tlie previous ixfereiicps to tlii'^soctPn, J. \V .•^lCllOlso^, i'Au. 

■ ■ 27 541 whei/the liy].(Rlicsis is criticised in some detail, ••for a 

Bummary,see../tf/n.’^’oc. Ann. Heporl for tm, lO. 270. Sir J. J. Thomson has au^eated; 
that it may pernaps be necessary to divide the ijlenieiits iiit<i two gro^^ ami apply a 
m^ified form of Van den Brock’s nypothews^to eacli gioup (Sir.T. .1. Thomson. VAe Atomte 
Theory (Clarendon Prels, 1914}). 








The atomic .We'ightg here given are based upon the following asgumptiWe 
(i.) that maes is conserved in radioactive changes, (ii.) that the atomic weighta 
of radium jind thorium are 2i!()’0 and 232 4 respectively,' (iii.) that tha- 
expulsion vf an a pa'.'ticle from an atom loavoe behind a new atom ot’atomio, 
weight 4 units loss, (iv.) that the expulsion of d /3 particle leaves behind an 
atom of the same atomic ^oight as before, and (v.) that the atomic weights ■ 
6f,.actinium ,pnd radium are equal—an assumption which is open to some ■ 
doubt.® , ' 

t, Tire manner in which the radio elements arise from the parent elements 
'ohorium, uranium, and actinium ® is indicated in the following schemes, one 
or two'of the detail3,)()f which arqstill (1914) rather dubious:— 

S 

' 

a SaaaaSo 'rhD->end 

Tft->lKsTJiI-»M3TliII->RnTh-»ThX-»TliEm-»TliA->TliIi->TliC B a 

'rhCi~>en(l 

ql3 B a a a a a B a ItaG 2 .->eild 
;! ft / /r ^ 

U-»-UX,-»UXj.si-tjn->I<i-i.Ra->Nt-5-RaA->RaB->RaC B « B 

■sj / /r ^ 

s lIa(’i->RaI)->]UE->RaK->on6' 

B 

a a a a 0 a AcD->end 
/ /> /» /-» ? 

Ac.^BaAc->AeX->AcEm-^AcA->AcB->AcO B o 

AcC,->end ' 

With regard to the tnd-products,' it has long been regarded as certain that 
the uranium end-product is lead/ and there is direct evidence in favour of 
this view, although the evidence is not conclusive.'* 

It has been mentioned fii the preceding section that a study of the^ radio¬ 
active transformijfions shows that, so far as the elements frofn thallium to 
uranium are concerned, the chargb on the positive nucleus of the neutral 
atom increases by one unit at a time in passing from one 'place in the 
Periodic Table to the next—a conclusion in harmony with Van den Brock’s 
Hypothesis.' Suppose, now, that this regularity holds for all'the radio- 
elements. It is then easy to assign places in the table to all tdio members, of 
the uranium and thorium series, for the position of a radio-eleipeni will be 
two places,before or one place after that of its parent according to whether 
its atom is produced from that of its parent by los^qf an a or a j8 particle; 
when this is done the positions'of niion and radium, def\ped by the preceding 
^^ule, end the known position of uranium, agree with<thqse which ryould be chosen 
from purely chemicrl' reasons. It freqirently nappons, however, that several 
elements fall into the same place in the table. 'The remarkable observation ‘ 
has been made that all the elemqttts occurring together in the same place in 

the Periodic Table appear uo be identical in their chehiical and many of their 

^ V _ _ ____ 

^ See Vols. III. and Fajaiis, Lt Radiumf 1^3, lO, 171. 

* It is Very improbable that‘octinium is a parent” element, but its rirogenitor JU 
mhkuown. vl < Gray, Nature, IHS, 91 , 659. ~ 
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pTiysioal pr»perties atid cannot be separated by chemical means., They are 
;._^id to bo isotopes or to be isotopic with one another, tsotopy was first 
i recognised by Soddy for radium and mesothorium I.* 

The positions of the mcjnbcrs of the actinium serio^ may»no\/be deter- 
.mined by fiiiding'thcir isotopes. Whcli those liave, thus been found, the last 
two tows of the Peripdio Table appear as shown in «Mio accompanying table, f. 


Row. 

• 

Orouj) 0. 
A. B. 

Group 1. 
A. B. 

Au 

■ 

Group II. 
A. B. 

GnmpIII. 
A. B. 

Group IV. 

A. B. 

» 

f URnd 
[ AcKnd 

Pb 

ThEud 

Uil) 

Thr. 

RiB 

Group V. 
A. B. 

Bi 

/KifE 
t Aci; 
The 
RaG 

i -- 

Group^l. 
A. B. 

» 

/ RaF 
\AcA 
The, 
RaC, 

RaA 

Group Vn. 

A. B. 

11 

• 


Hg 

• 

, 

T1 

AcD 

ThD 

RaCa 

• * 

• • 

• 


AcEui 









ThKm 









Nt 

* 










TliX *. 

* 








Ra 

Ac 1 

KaAc 


* 





Ms I'll I 

MsTlill 

na'fth 


t 







lo 









Th 









u.':, 

UX. 

Ull 









u 




• 




• 










• 



» 0 * * 

If the vio% hero outlined Tbc correct, it affords ^convincing evidence that 

the property vvliich defines the position of .an element in tl'ieT’eriodic Table is 
not its atomic weight, but an electrical jiroperty as.sociated witl^ its atom. 
A group of isotopes is a group of elements tin; atoms of which carry the same 
charge on their positive nuclei, i.e. they have the same atomic number; and 
this result Is ijuite intelligible since the nuclear charges are only net charges 
indicating in.each case an excess of positive electricity over the* negative 
charges of the electrons ooaSned in the nucleus,^and tlie diU'erent nuclei may- 
contain different nurabors of negative electrons. Tb* cTiemical pj’oporties of 
tho«radio-elementa,aro in Inrtflonjr with their positions ii^ the Periodic Tjble ■ 
indicated in the diagram. • The element UXj, for example, i*s quite analogous 
to tantalum, its predecessor in Group V (column A) of .the table. ,Siuce this 
eleipent occupies a placj jji the table by itself? it has^een given c distinctive 
name, hrevium^ • • * 

The final, sti^ble,*non-radioa*ive elements that result from the disiptegra- 

-- --t-j-.-,-w 

^ Sodd;^, Tratis. Ckem. Socf, i911, 99 , 72. 

* Fftjans and Gbhring, (hyaikoi> 14 ,*877. 
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K tioo of thorium, uraniiiin, and actinium, are seen to be iiibtopio wi^ lead, In 
the cases of thorium and uranium, the atomic weiglits of these end-products are 
calculate^ *to bo 20^--t and 206-0 respectively,^ and in order to make these two 
atomic weights equal i^iMs necessary to cliango tl^e atomic weights of thorium, 
and radium by amounts m^ich greater'than their uncertainties appear to be. 
,The atomic weight of lord is 207-20, and the q\ies|;on therefore aiiacs 
vfhether ordinary le^id may not be a mixture of isotopes. In such a case the 
^atomic weiglf.. of lead would vary with its origin. This was first 5nowii to be 
«.the case by Soddy and Hyman,^ and tiioir conclusion has been confirmed by 
Sevcratl other investigators.^ Tlie sources and atomic weights of the various 
preparations of radioactive lead that liavo been (ixamined are detailed in the 
following table:— 


Lead evtr.ictcd from— 

Soddy and 
llyinan 

UicliflidB and 
Lembert. 

llonlgschmid 
and Horovitz. 

Curie. 

Thorite*i,Co>l4)n) 

Tlionanite (Ceylon) . 

;i(l5C4 

20 ( 5 '82 



ritchblendc (Juai liiinstlial) 


m> .'■.7 

206 405 

206'-(i4 

„ (Ouniwall) 


20 c 80 



lrranlnite(N Oiirohna) . 

* „ ' (E. -ifiica) 

BrSggerite (Norway) 


200 40 

2110 040 

200 060 

20(l-36 

Caruotite (Colorado) 


206 .'■>9 


Monozito ... 




207 08 

Yttro-tantulltr.... 



»• 

2IHi 54 

(Non*raiUoacUve source). 

•2uri 

207-15 

207-180 

207-01 * 


Moreover, the lead extracted from caruotite possesses an ultra-violet 
^ spectrum identical with that of ordinary lead (Richards and Lembert). In 
no other case lias the atomic weight of an element been found to vary with 
its geographical source, although the possibilityifc.cli variation lias been 
recognised ^nd exporimental evidoijce on the ‘subject sought by variou.s 
investigators.’^ Further experiiip.ents m this direction iiromise to lie of 
exceptional interest. J , 


Vai.kncy.® 

Introductory*A number of elements form hydridefyof l^nown molecular 
formviltc. TheTVmuhe of those^hydrides in w,hich there is onlyone atom of 

* Soddy and Jlyaan, Traiid. ‘Chnn. 8oe., 1914, 105 , 1402. * * 

® T. W. Richards and Lftinbert, Amer. Chein. Soc., 1914, 36 , 1,329. Honigsehmid 
and Mdlle. i^Iorovitz, Compt. reTid., 1914, 158 , 1796. Monatsh., 1915, 36 , 3,55. 51. Curiej 
CompL rend,. 1914, 158 , 1676. „ „ ^ r -l / r m 

■See. e.g. Baku- m,i Bennett {Tram. Chen. Soc., 1907, 91 ,1849) and Lenher {.r.j^mr. 
Ohm,. S(K., 1909, 31 , 20) on telluiium ; Kicharda {Proc. Amer. AauL. 1887, 23 , ITO) on 
■copper; Richards {J. Amer. them. S,c., 1902, 24 , 374) on calcium ; Riciianla and Wells 
{ibid., 1905, 27 , 459} on silvor and sodium ; Uaxterand Thorvaidsoii 1911, 33 , 3341 

^''riie arransomeiit oFtlie rafKo-eleincnls in the CWodic Table as lieifi doacrib^ is that 
iveji hv F. Sbddy, to whose'interesting little book, The Chemmtry of the Radio-EltmenU, 
t'arb 2 (tiODgmari't fepv, 1914), the reader is refernrl fqv ftfll detaiWaiid references t<Pthe 
literature. The arrangement is due largely to the work of Saldy, H.ians, Fleck and miaseU, 
and it should be mentioned that it was not arrived at directly from Van den^toelys 
Hypothesis,*as the text may seem to iuTply, and does not stand or fall with that hypothesiB. 

® For furtfior infornv^tioil on the subject of Valency thail ^‘au be given here, the rwerir is 
referred to Friend, Theory of Valency fbongmansSJe Co., 

geginxofirUaen Stand der Valemlekre (Ahrrt.’s Sammlung, Ko. 7, » Money ana 

Muir’s IHetionarv of (Jicmistni. articles on Equivalency and Isomerism ; an(i_the chaptere on 




saxcix 9 LccivnuieTy vj r./tci/two/■/, articles on Equivalency a..- - - - .i... ^ 

Valency in ^the Study of Chmical Compofik'on (Cambridge Umverslty .Tress 1904) by 
Miss Freund; Muir, JlUdory of Chemical fheories^ and Laws (Wifty & Sons, 1907}, etc. 
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V the element other tlAin hydrogen in the luoieculo ure given in the following 
table 


UK 

H„0 

I[,li 

H,0 

HCI 


H,N 


Hl!r 

H,S(; • 

H',!’ 

, H/lo 

.Oi 

lt„To 

HjAs 




11,SI, 



An element M which forms a liyclridc of molecular foj'inula Mil,, is said to* 
have a valenci/ of n ; the elements are classified as vin- (or /ji- Ji-), 

ter- (or tri-), (juadri- (or tetra) valent, etc.,#accordmg as tin; value of n is 
one, two, three, four, etc.; or else they are calle<l MOjiad.f, d/adK, tViads, 
tetrads, etc. Hydrogen forms the standard clement, its v&lency being taken 
as unity. 

The valencies of tnany elements cannot bo detorminod from the nrecMling 
definition, owing to tlie fact that their hydrides an? not known.’ M’ho con¬ 
ception of valency is therefore widernid by regarding an element M as having 
a valency of n when it forms a compound with a lialogoii X ^ of the molod'*iu,'r 
formula MX,^, This extension is made in view of the fad that the. halogens 
are univalent when compared with hydrogen, as seem in tlie preceding table. 
In the following table the chlorides (and one or two iodides and lluorides) of 
known molecular formiria) arc given:— * 


LiCl 

0(T, 

SrCI./ 

13 C 1 , 

CClj 

TF, 

SK„ 

OsFj 

NaCl 

01(1 

RiO).* 

NCdn 

SiCl, 

AsF, 

.Sol''„ 


KCl 

CrClo 

X'dOl.* 

IX'l 

ScCl, 

Shiv, 

TolV 

Wc4 


K1 

FoCb 


AsCl., 

'IVOI, 

GhClj 


llblJl 

ZllCln 

C..CI,,* H 

Sl.Ol, 

Ti( 1. 

TaCI, 



(XCl 

OaOlo 

pd(;i,.* 

HiCit 

VCl, 

M«i(.;i, 

M-Fo 


c.r 

siici. 

I'ta,* 

AiCl. 

H-oi, 

WCI5' 

vv.. 


InCl 

IllOlo 

OaOI.,* 

Cl 01 . 


s 



TlGl 

iikOI 


Ff(JI., 

0;i(d, 

ZiCl, 




AgCI 

I’hOlj 


IICI, 




0,1(11. 

('aCL% 

• 


InCb 

• 

* 

m 

• 

# - 



* Molecular/ornuih’jiii soliiliou in fu.si-d l3i(Jl_T {tude 

t M<*leeiilar formiilii iii sulutioi) in tusefl The jiioleciilnr’fnftimla ni tiio gaseous 

state is CinCI.^. * All other fonnuhi.* in the table arc deaved fn>m vajioiir-density 
mcasuMTiient#. 


t)nly a,fo\v elements are excluded from botli of the preceding tables. Of 
these, the iii6rt gases form no compounrls and henc<» exlubit no vj^leiicy, and 
•the valencies of the remaining oloments are arrived at by assuming the 
simplest formuho of their to repre^icnt iiie mol^icular formula) in the 

absence of any definite evidence on the point, * * , . 

. • The valency’of ap eleiTient, derived in tlie preceding ananner, is ifegt^ed 
os indicating the number of other atoms willi which oiA) atom o*E the 
element can be directlydinited yi a moleeide. It iS enstoniarja to indicate 
the valency of an elemerifby a number of strokes nwlia^ing from tlie symbol 


^ Or, if kiiown„are of unknown molecular w’ciglii In ^his cacc^he siinjil^st^orinula is 
assumed, e.g. NaH, CuIL, etc. ♦ • 

% TTUinrino MUnrii.o Tfi 


nmnimp 


id indifn avivt.ho liidoL'cn clenientk 



t W 4he element' and in this way graphic {comtitaiwiwA av-struciurai) formi^, ’,}^ 
•are written, as indicated in the following examples" V 


II-CI 


/Cl 


h-n/'*' 

MI 


n 

I 

Il-Si—II. 


Tho conception *of valency is still further widened. An atom of a aiad. 
•element is capable of uniting with another diad atom to form a molecule, an 
■*atom of a tetrad with two diad atoms, and an atom of a hexad. with three 
diad atoms; e.g. 7 m0^, CO^, aiyl WO, respectively.' In such substances,* 
which do not contain monad elements, the elements are still regarded as 
■ ; their oidinary valencies and their graphic torraidse written 


Zn=0 


< 


0 = W 


^0 


in accordance with this idea. An element with a valency of n is said to 
pnSess n valency bonds or linkages, .and in the preceding cases oxygen is 
said to be'iinibed to zinc, carbon, and tungsten by two i'uA7icfe.i,,or two bemdSy 
or two anits of ajjlnity] or else, united by a double bond (or linkage). 

So far, binary compounds alone have been dealt ^with, and only those in 
which one atoin of one element is united with one or more atoms of a second 
element. It will be seen that the valency of tho first element is in these 
compounds given by the “ rule 


valency = 


atomic weight 


” chemical equivalent ^ • 

since the chemical equivalent of oxygen is cholsen as one-half its atomic 
weight, and the hyd^ido of oxyger^ is Ti^O. The preceding rule is frequently 
stated as a definition ^f valency, h'*t^it is only of limited application. 

From what has been alreadj^ stated, the meanings attached to formulm 
such, for example, as 


Nf 




-01 


0 = S<^ 


nC 0 


0 = 0 = 3 


Cl-Pfol 
• \ci 




■ will be sufficiently clear. Various oxides of the types MgOj, MgOg, and 
are regarded Sbaving the constitutional formulae * 


, bei^^xidea of triad, p6ntad, and^ieptad elements respectively. In the case 
of binary cornpounds, in'which one element is a tonad and more than dbe 

, _- ---^- f -;■-; ^ r 

' The .terms diad, tetrad, and hexad are heA employed to denote valencies derived fropi 
a atu^y of^ydrides or halides. . . • ^ 'V j x. u * 

® In the subsequent discussion moleculfr*’formulffi are often, ascribed'to substance 
■ althi^h-ihe raolecular'weights afe not known ; ^..footnote 1 on p. 285. ^ 


y,0 

0 


0=M'^ 

0 

o=m/ 

^0 


0,. .0 

T 'o 

•X- 




28& 


msisiinSATpoH jf jjai BtEMESPts.* 

^itoni of tho otfior vnw »« uwuu^waj ^ftssuiOGO’ tbftt 

I the polyvalent atoms are directly united to one another; e.g. silicon bydfide 
BijHe is represented as 

. H H 

. 1,1 

H-Si-Si-H 


containin;; quadrivalent silicon, since in its hydride SiII„ its halfdes SiX^, and, 
its oxide SiO.„ silica is quadrivalent. With compounds of this type, the “ rule ” 
for deducing'valency docs not give the accepted result; c.g. silicon would be 
a triad in Si.flj, in accordance with this mctl/od of deriving the valcfiSy., 

It is possible to assign a valency to a radicle, or group of atoms that can 
he transferred as a whole from one molecule to another, Tfie siilpliate radicle 
(SO,), for instance, is bivalent, since it combines with two atoms of hydrogen 
to form a inolecnle or*snlphnrio acid, IhSO,; and the hydroxyl radi.cle (OH/ 
is univalent, as it unites with one atom of hydrogen to fonn water, 11,0. 

Valency a Variable Property. —From tlie study of the hydrides,the 
higliost valency ever observed is fovr, e.g. silicon in SIH,; from the haliSes 
eight, e.g. o.snMnm in OsF,; and from the oxides eight, e.g. osini,un in ()sO,f 
An element may ovhihit more than one valency The following list of 
elements of variable vqlency is constructed from tlie data siniplicd iiy the 
two tables of formula; previously given, and can be extended ny considering 
the valencies dcdnt'cd from the formula' (empirical as a rule) of the oxidcj:— 


Element. • Valency, 

Element. 

Valency. 

I’hoBjihorus . 
Arsenic . 

Aiilimony 

lion 

Chiomiuni 

Gallium . 

Ijidiuui . •. 

• 

^ and 6 

3 and fi 

3 and 5 

2 and 3 

2 and 3 

2 and 3 

1, 2, and 3 

Tm 

Molydeiium . 
'LWigi?*en . f 

Suijmur . 

Selenium ^ 

Tellurium . *. 

2 and 4 

1 anrl t> 

5 and G 

5 and 6 

2 and G i 

2, 4, and G 

2, 4, and 6 

» 


element differ by two, or 
Many attempts have 


It is notewortliy hot' frequently tlie different Vaincs foy tlic valency of an 


a multiple of two. 

; been made to regard the valency of arf atom as. fi 
; fixed, invariable property, and, on tliis view of valency, to account for its 
..^ppUrcntljivariable nature. Tliis part of the subject will not, however, be 

t icussed heit. Most of the attemjits are simply dialectical, .amqunting to 
tie'more than a restatement of plain, experimental facts in obscure and 
Refined terms; and in 'tfi» ehsonce of a satisfactory hypothesis as to the 
'^se and nature of valency, ,tliey are of slight valued 

■' V* With some elemsnts uie as.fimiption of a single vaVia for tlie ValJnoy 
appears to be sufficient, *e.g. calcinni, hiv.alent in its hydride, chloride, and 
oxide.* In regard to thq other elements it is seldonf necessary >o assume a 
value other than one of -^ose indicated from the citupqsitions of the halides 
.. In, order to arrive,at structujAl tormulic for their compounds. The’^ui- 
‘ certainty attaching to these formula)/ however, must he frankly rccegnised. 
For example, lesid appears to, be bivalgnt in PbCU and PbO, and tjaaiSrivalent 
Ju.PbClj and PbOj,1ind hence is^usually regarded as being eithffr a diad oi 
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ta oompoi 
ructuro ( 
is reprcsei^ted by (ii.)- 


tetrad in all ita ooinpoimda.^ Accordingly, the oxide Pb^Oj is not regarded as 
having the structure (i.) l)eiow, in which lead is represented as tervalent, but 


.0 

' Pb^ 
(i.)' 0 

' PI)/" 


. ,0 ' 

pbr >pb=-o 


J^Aguiiij on the assumption Uiat nitrogen is tervalent and oxygen bivalent, 
nitrogen peroxide may he writton 


N-'O-O ' N~(\ U-N-0 

i| I IT 0. 1 itr j 11 

-N-0-0 '^N—0' 0-N—0 


A similar in letinitoness aitaelios to the constitutions of many other sub¬ 
stances,^ and the reasons adduced when selecting one of a number of 
alternative fonmihe are often extremely flimsy. As a further example, tlic 
oxides M.jO are not all regarded as oxides of univalent ehmionts. The 
fSrourito views concerning the constitution of mercurous oxide and chlorine 
radnoxkh^l for'^instanco, are those expressed hy the formuho 


llg 

I 

llg" 


0 and 


Cl- 


0. 


The dithcnUies and uncertainties euc<Hi’'*'^red are atirihutahle to the 
impossilnUty of at present deiining va. ' . 'ir/j'^dinile manner, and the 

‘ absence of a really satisfactory hypoihesi. nalure ; and in this 

connection it should be mentioned that ' confufied with 

chemical afl'mity. The term tijfiniti/ has, ,o<iuentiy ■■ ’^tjcd 

in discussiofis on valency.^ «■ ^ o is fr'^Vo / 

Valency and'the Periodic Classifi^/-//. 

valencies tiiat an eleiuent appcaA-s fb exhibit, oiu ^ 

express its group number in the Periodic Olassilicatior ..s 

Groups 0 to Vll. arc concfv.rned; e.ij. aluminium, in Gixf >U| ^ aid, and 

tellurium, in Gfd.i])'^L, is sometimes a Imxad.'^ This jjartj * lency may 

.usually he assunfod in an oxide,*'ami, with tht oxcepi[-ion * .aluo 7, in 

one at least of th? halides.' 'Thus, the valencies of tlie efenu^^^' uld appear 
to vary periodically with tlicir atomic weights, as was .cd out by 

-Mendeh'icff. Taking t)»c elements of the second short serk'S ample, 


Ko Na Mg A1 Si P S ('!, 

the valencies, derived fiom the oxides, are ' 

0 1 i> 4 D «(x 7 . \ . (A) 

and from thr iialides, , 

f \ , , 0 I -2 li 1 . 5’" P/ ? . .■ , . iJB) 

The hydrogen valencies, how'over, do nob progressively increase, being iji fact, 
o\ 1 fl -I' :i 2., J . . . ^0) 

* The valeiioies of tlie elements aiul Ito cu istitiitmiial fonmihe'of their more important 
coinvounde are df'alt w;th in Voliunos II. to IX. of this sciii's. *' 

■'* ThoOie^itSivalenoy of fluowne and bromine, and tJio hexavalency of oxygen, however, 
do not aeom to be observed. * 



“ I^-isnatuml to. suppose that the elements of Group VTII. may, on occasjoi 
exhibit a vsflency of eight, particularly now that an octafluorido of osniur 
is- known; and osmium and ruthenium are accoidingly regardech as octad 
in the oxides OsO^ and RuO^., Evidence for the ootavfyoncy of Jihe othe 
transitional elements is, ho^^ever, lacking. * 

The values for the valencies of the elements derived on the n^ssumptioi 
tHkt valency is perbdic, are not always the values crmiinoiily exhibited 
the elements, e..g. thallium, lead, bismuth, etc. It is n^lewortl*y, iiowevet 
that the values thus derived represent, with very few e.\ceptiens (e.//. copper 
gold), the max-imuM valencies of tlie elements. Hence it is that althougl 
an element niay usually oxliibit one particular val<‘ncy, higher valencies ar< 
often assumed in order to account for the Aistence of e<'rtain compoynds 
Higlier valencies than one are, for example, often assiimetl ip llu' ease of 
halogens in order to “ (‘xplain ” the existence of double s:dts, such compuundi 
as KJl^, lEj,, etc., the assumptions being justified hy reference to the Periodic 
Classificati<m, which ihdicates a maximum valency of ^even for the ltal^gen1<. 

Theory of Valency.—The various tlieories of valency that liav(! bee 
suggested from time to time fall broadly speaking into two groups, nanul 
chemical and phyairaL Tlie former content themselves witli postulatingTli 
existence of ocitain definite or indefinite attractive forces, aiK*l prtu^ced t’o 
discussion of tlie intoryal structures of various molmilar cliemical entities 
whilst physical tlieories concern themselves primarily with yie nature c 
those*attract!VO forces and the constitution of tlic afomn. It is important t 
bear this distinction in mind, “because it is tlien obvious tliat cliomics 
theories of vnlency do not necessarily stand or fall wiili the physical; on th 
contrary, tliey may and often do admit of interpretation according to th 
difterent views on matter that physical science from time to time suggests.”* 

A. — C>i\c7m.c(il Theories^ of Valency, * 

Abegg’s Theory^ attributes two kim^S of valency'^of opposite polarit 
to every element, namely normal and e^Un t. Of tlie^o the former is th 
mbre active and corresponds to tlie recognised valency of the elements, whila 
the latter explains their so-called residual afiinfties. When its norma 
valencies are j*f>sitivo in character tlie element jiossesses properties of 
metal, whilst the normal valencies of non^nctals are neg.ftive. The •aritli 
metical sum ^tal of* normal and contra-valcncic^s 401’eaoli rlomcnt is eight, 
and their relative distribution determines the position of the element in th 


periodic .tabk'. Thus: 


• 


^lorizontal groups 

1 2 

■i .5 ’ 6 

7 

TypicjJl ejements 

Li (il 1'. 

C N 0 

F 

^ formal valencies 

+ 1 +2 + .'i 

+ 4 • -;) - 2 - 

-1 

Contra valencies 

,, 7 - (i - r> 

- 4 + n + () 

+1 


, % N 4 1 

A little consideration Anil show that this tlieory allUrds a read^-explanatioi 
for*association, for^he forrdatibn nf molceular compounds >u^:h as doubks silts 
and the like. It also seiVes to ex]ilain the amplioterie natirt’o of intrbgen 
carborfj etc., which combine readily witli olectrojKisilwe hydrogon .and ye 
yiekl very stable compojirildii witli electronegative oxjigciL * 

^ Friend, TIu ThroAj of Valency /tiOiigiiiffns k ('o. S« oon<I Kdidon, 1015), p. 1,70. 

^ Abegg and nodlander, Zeitsch. nnora. ^7kw.,i1809, 20, 4531 Ahcg?,, 1^04 
39> 330. , • 4, » 

* For tt uhv’bicul iliterdrr<tA(inii nffliio 1.rwi4 .7 /ittifr (Ihnu. Xoe . 1910; 38, 762. 





Both Spiegel? and Arrhenius® have suggested t{iat .certain eleiftents 
possess, in addition to their ordinary valencies, neutral affiniiiei ot 

electrical <f.ouhle valencies (Arrhenius), which are simply ordinary valency 
bonds capable of lying utilised in pairs of eqnal and opposite sign. When 
not in use they neuti'dlise each other within tho atom, and consequently do 
not affect the electrochemical nature of the latter. Friend^ has still further 
(developed these views anfi applied them to the studyof complex salts lor 
which he suggests tyclic formuleo in preference to the co-ordinate^l structures 
of Werner. 

As illustrative of the manner in which the latent or neutral affinities act 
the cdtnbiuation of ammonia with hydrogen chloride may be taken In NHj 
the nitrogen atom is torvalont, and no compound of the typo NIIj. appears 
capable of existepce. The maximum free negative valency of nitrogen is 
thus soon to be three. In ammonium chloride, however, the nitrogen has a 
valency of five, a pair of latent or neutral affinities having been called out 
by {he* additional atoms of hydrogen and chlorine. Thfis 

NE = tU, + II+-C1 = ‘h;=:--N:EItHs- 

♦ “As Will b'e seen later, all of these theories are capable of an electronic 
intorprctalion which harmonises them with the most rccetit views on the 
constitution pf the atom. Two other theorios of imporUnce remain to be 
mentioned, namely the crystallographic theory of barlow and l’op4 and 
the« co-ordination theory of Werner. The former has already been 
discussed (pp. 75-78), and its inade(}nacy has recently been shown by 
Bichards^ and by Barker,® the latter having subjqpted it to severe and 
rigid criticism. 

The theory of Werner,^ originated iij. 1893, hap-boca widely accepted, and 
has proved «very useful in its applic^-tion to the study of complex salts such 
as the metalammiftcs. Origimi^ly two kinds of valency were postulated, 
namely Princi^ml a«d Avxiliar'ifi ►r.The former were the ordinary valencies 
of the elements, whilst the latter were additional valency bonds which could 
come into play when the ordinary valencies cf an element were saturated. 
For example, awmdnia and hydrogen cliloride are saiJurated compounds. 
Union to form /immoiiium chU'i-ido was supposed to take place by an 
auxiliary valencg, represented by the broken line 
H 3 N . . . HCl. 

It has now been conchided, however, that the differences originally 
assumed between principal and auxiliary valencies do not really ewst;^- 
hence the above schenig tacitly assumes that nitrogen has a v»leiicy of four,, 
whilst one hydrogen atom has a valency of two. This is opposed to ow 
ordinary conception of valency, although that i/i'itself does not necessarily 
prove that .Werner is wrong, for the recognition of •’•alency bonds at all is ' 

* Cpiegel, iicit-ich'. anorg Cbem., 1902, 29 , 365 . *. 

■ ® Arrhenius, Thcoricn (?er Chemie, beipziK. 1906. . 

:■ ^ Friend,' 2'rans. Oiem. Soc., 1908,.' 93 . 260, 10P6 j 1916, ’ 09 , 715. 

* Richards,'/. J^mer.^Ck«'lll. &>c., 1913, 35 , 381 ; 1914, tjlS', 1686. See Barlow and Pope-, 

1914, 36 .1676, 16&1. ' 

® Banker, C%ew. 5(W., 1912, lOi, 2464 ; 1915, 107 , 744. ” ^ 

* Wemc][ gives a v^ry comjdeto account of Ins views in Neiiere Anse/iauungen 

dFr qnorp’anwtf% Bvm)swiclc,*’913. ^ , 

• . ’ Werner, i?«r., 1913, 46 , 8674. Dubs^ky, / CA«m., 1S14, [ii.], 90 , 01. 
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acimittedly an arhitiijiry aasmnptiou. Tlio forninla, howevor, fias iiotliing in 
particular to rccoininend it, whilst many ohjuctionR may be raised aj;auist it. 

Weriicra theory, however, it'ord^ a UM'fnl method of elas^ihi/iir coinplox 
Salta, and to it \v(‘ owe the di %#ovi'n-of tlje asyn'iiof‘tric4:o]ial^;i{(^ii. Krom 
this point of view it is diioiissed ip, \'o!iime J\. in cuiineetKJii with the 
metaJamiiiinos, * 

/)'.— P/it/^icul of I (//(■«(’//. • * 

A tlioorv attempting; to explain the aetnal cause of valeiiev must of* 
necessity be inllucnced by the views liehl at tlm time of its pioMiui,L;;'tieu on 
the (amstitutiou of matter in gemeral and on the slruetnieof the atom in 
partieuiar. When atoms wime reaarder] as liard, impeneti.dih; sphmots the 
suggestion tliat tliey possessisl hooks euahling them to cVng to earh other 
was a perfectly rea.sonahle one. Such an livpoLliesis, howewr, is eiitindy out 
of tlie (juestion if modern coneetitions of the electrical nature of elieyncri 
forces are accepted. • • 

T.he close C()uno(‘tion betweim electricity and eliemieal allinily lias been 
made the subject of observation for very many ye^rs; both Oavy’^'Pd 
l>erzolius" regarded clnmiical comliiuation as essentially an electrical ])liejio- 
menon. ISloitistrandin iStii) drew attention to llie fact that tbe smallest 
number ol valency bowds is possessed by tliose elements ulneh eN.liibit the 
most <leeided electrochtfuiical (‘hararter. Thus the alkali n*'t;ds and the 
halogens are Inglily electropositive and negative respeetivelv, and their 
valency is unity. fWjhon, on the other hand, is amphoteric, aiui its valtmcv 
is four. 

llelinhoU/,^ in a^ain dr(‘\\ attention to the electrii-al nature of" 

ehemica! loree Thv laws of eleel i-i.lysis (Iduaday's Laws, p L’Oli) naturally 
RUgi.!:est that elerti'icit^ i.f^of an ‘•;domie” natiiie, since tl|^ atom of aJi 
eleinenUof vaJency n mn.'t he snppos^il to eariy ii times tlu* ijuaiitity of 
oloetricitv that a univalent atom carries .\»coidiiig (o llt^mhoU/, each “unit 
of allinity ’ tliat an atom is said (o poss(‘«# -n yreseiits a rtliaige of uhat might 
b« termed one “atom of ideetrieity,” positna or negative as the ease may be. 

Sima) llelmliollz propounded his views th-' elctdrical tli(“<»ry of valency 
has rece,i?od ^11 flicreasmg amount of atlenlio*'’' .Tcco^^ing (o modern 
physical tinany, the “atom'*ol (■(eclricitF” are capable ^>f e.M.stnig•apart 
from matter, 4 be “ctthode rays ” shot off fiom fii# catlmil(k\vheti an electric 
current i.s ])assed thnuurh a i.-ireli'ai gas consisting of streams of these 
electriijaJ aUnns or f/irfroic^. An (doctron is a w'ijafive eleetrif.il chai'go, 
identical with the ch.yge associab'd in electrolysis with Hie atom of a 
uni\«ilent (j|eetroncgative elenumf, c.y, ehlonno. 

The modern view of the strnidure <)f the atom 1 ms already briefly 

(.♦utlifted (]). ’iTti). An atom is regarded as consisting of a positively charged 
nucleus surrounded by tlie ryijyisite niimWir ot* ni'gMtite eleetnyis to render 
the atom electrically fieutra^. Some of these elecfions are mobile. Moat 


* r)»vy, Phil. Tram., ]S07, 97, 1. c * • 

* Berzeims, Lehrbuch der MJkemU (I^i’csdcn, 2 im«?(lji., 1827), iii., Part 1. See this 

yolifhie, |>. 193. • ^ * 

3 BlonistraruJ, Chenr^c der JctxJzeii0*lM[> i.p. ?17, 2-13. 

* Helmholtz, Chnn. Soc , 1881, 39 , 277. 

* See, e.g., Lodgg, jl/orfmi rv ws m Tlio Ktunam's Ij« cture7l903 ; 1904, 

? ' 0 , 176; P. F. •BTaukland, Nature, 1904, 7 (^ *423, mul the referciicea cited succeeding 
botnotes. ^ 
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scientists wh^ have discussed tlie subject follow tile pview propounded by 
''J. J. Thomson in 1004, namely, that mobile electrons may be detached from 
one atom l^nd transferred to another, (hi this view, a positive (or negative) 
ion is air atom tliot Ims lost (or gained) o«c or more electrons; whilst the 
dillbront valencies of ‘the (.‘lements apd tlunr f'homical and electrochemical 
characters depend upon the manner iu which the stabilities of tlio electron 
systems coostitnting their neutral atoms ai'c afVected by the loss or gain "of 
electrons, (,’onibimltion between atoms rcjircscnts a transference of electrons 
J.from some atoms to otln'rs. For (^ach valency bond esiablislied between two 
atoms the transference of one electron takes place, the losing atom acijuiring 
a unit positive charge and tljc receiving atom a unit negative cliargo of 
electncity.’ 

The prect^dmg electronic cunecpliim of valency gives a satisfactory 
explanation of liiglily reactive cumponnds, c.//. many inorganic compounds, 

,but,difficulties arc eiicount(‘rcd in applying it to most organic compoiaids.'^ 
MoreoVG'-, since the inception of tlie [in-ceding theory of valency the 
developments of physical science have led to the conclusion that it cannot 
be of universal validity, since it neccssilaies the atoms in a molecule being 
positively or negatively ihargcd, and there is clear evidence that in certain 
molecules th6 atoms are electrically neutral.^ Tn part, this evidence is 
supplied by Thomson’s “[lositive ray” method of analysis,'^ and Thomson has 
changed his qniiiion reganling the mechanism of the arttractioii between atoms. 
He now considers'’ that the (‘lectrieal forci-s which keep tlie atoms in a 
mol'Scule together are due not to some atoms being charged positively and 
others negatively, but to the (hsjihicement of tlic positive and negative 
■’electricity in eacli atom. Each sitoin thus acts like an electrical doublet, and 
attracts another atom in mucli the .same way that two magnets attract each 
other. As in tlie earlier theorv, mobile eh ctroi s itr?; snpjiosed to exist in 
atoms, but,'in chemical combination .betwei'ii atoms, the elections belonging 
to a particular aioift are held by suclt constraints that, althongh they move 
from their normal positions, it iVt-^ie exception and not the rule for them to 
leave the atom and transfer Ihcniselves to another atom (or atoms). T^-je 
number of mobile electro is in the neutral atom of an element is supposed to 
be identical wi[,k tliA number of the vortical group in tlW I’i'viodixT Table in 
which the eleineitt finds a plaec.-^ Thus, hydriigen and the alkali metals in 
the first group possess ork® sucli electron, and so on. * 

A mobile electron in an uiicombined atom is connected to the nncleus'by 
a tube of force. When combination lakes [ilaoo with a second afom this 
tube of force regarded by Thomson as becoming anchored on to the nucleus 


^ J. J. Tliomson, I'hiL Moij., 1904, fvi.], 7 . 237 ; 1900, fvi,], ii, 769 ; Elfdricily avfi 
(Cojisfable, 1904); The ('or-pnacnlar Theory of Meiler (Oonstible, 1907). Ramsay, 
Trans. Chem.^^oc., 190S, - 93 , 778.' Fahvaiid Nrlsonct/^ CJicm. doc., 1910, 32 , 1637 ; 
Falk, ihid., 1911, 33 , 114(1; 1912, 34 , 1041; Kelson, llcftnsfajid Kiilk, ibid., 1918, 35, 
181.0; Falk and Nefso’i, ibid., 1914, 36, 209; 19?5, 37 j*^ 74 . Frv, -ibid., 1908, 30 ,■'84 ; 
1912? 34, 664 ; 1914, 36 , 248, 262, 1035 ; 1915, 37 , 855 ; fieiheh. jdiyt^ikal Chm., 1911, 
76 , 385, 398, 591 ; 1912, 80 , 29 ; 1913, 82 , 665. Guthrie, J. Toy. So, N.S. JVal<'S, 1912, 
45, 318. Wt A, Noyes, J. Atner. Soc., 1913, 35 , 767, 

^ See, e.g ,'*the criticism tfthe tlioory by llruiiel, J. Ai/ffl.i €kcm. Soc., 1915, 37 , 709. 
For a summary of the physical objections to'die theory, .see Rates, J. Amcr. Ckcm, 
S?w., 1914, 36 , 789. < 

J. J. Thomson,i'Aa?/s of Fositiro Electricity {Loiiginaiis k (’ 0 ., 1913); Phil. Mag., 
1907, [vi. 1 ,, 13 . .561 ; 1909, 187 821; 1910, 20 ^ 752; 1911, 21 , 225 ; 19J2, ? 4 , 209, 668 . 

* Sir J. J. Thomson, Phil. Mag., 1914^[vi.], 757. 
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or me soooyii alom. • if both atoniH are to roinaiii neutral, cleaHy the positive, 
end of one mobile electron of the second atom must migrate to the nucleus 
of the first atom. Thus each valemiy bond is repii'.sentod by t-^o tubes of 
force, and whoa each mobile electron iu an atom has l>eon aijcoiifited for in 
this way the atom is saturated and oxorts its maxipmm valency. 

, If these views are accepLod, it is p<jssil)le to write valency rormnlto ftr 
many molecules when it is impossilde to do so on the ordimry views 
valency, '■•'or example, it is pu.ssi})ie to formulate a molocult* ll^; for if, in 
tho accompanying figure, H denotes an atom of liydrogeii and the arrow th({ 
direction of a tube of force from an atomic mielfMis t(t ati electron, it is clear 
that each atom is represemted as containin^^ only one mobile electron, and 
is also electrically neutral since it is the origin of one and the termination of 
another tube of force : — 

M 

yi \ 

\ 

II<- 


Lewis ^ has outlined an attractive eleclronit^ theory of chcmicjil eomlTkm- 
tion wliicli isjn many respects similar to Thomson’s later theory, but wl/ich 
postulates tliat in chemical combination between two atoms a mobile I'lcctron 
may be common to l)oth atoms,^ I'lnally, reference may be made to tho 
valeicy theory of Stai^, whicli, since it was piibiislied in l^DH, has been 
applied with corisidurable success to the interpretation of chemical ])lienoin^na.® 
Stark’s theory, like the theories of Thomson and Linvis, is elcclionic in 
cliaracter, and also avoids the assumption tliat electrons are transferred from* 
some atoms to others iA chemical combination. 



’ Lf'Wt.s, J. .Inner. Ch-m. AVc. f ] (5, 38 , 7(12; ef. Lewis, iIh'L, 35i U 18 ; Pray and 

BrHiif'h, ihi'l., 1918, 35 , 1110. * ^ • 

“ (’oini).'irfl llio o’l'cti-onic theory develoiied lo’ Arseni, J. Amer Chem. Sue., 1014, 
36 , . • 

^ .T. Stiirk, Jdhrh. ]la'lio<dln\ KhUroiul:., 19u8, 5 , 12.^. See hu: Vulrnz- 

hyp'flhrM ro)i. J. HUirk roi;] chi'.iiiisrlun SlandpwiL'i (Stuttf,o^t, 1912), ami Jui a summary, 
see Mis.s A aiul*\ltS 3 M. iC. Ilulmes, J. Anvr, Cliciii. doc., WIc,^37> ^'Hl. 
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PART II.—THE INERT GASES. 


CHAl'TER I. 

INTRODUCTION. 

The purpose of tliis Part is to an account of a rcmarl'a])!e family of 
gaseous clcmeiits, sliarply cliaractciTsrd and distiiifuislic<l from all P^hor 
families of cJenienLs liy their cluaiiical inactivlly. Kor tins i<‘as<*n tlieyare 
spoken of generally as the “inert gases,’’ or sometimes, hy analogy with gold 
and platnmin, as the “noble gases.” 

•Perusal of the deta'iled history of these gase.s will reveal liBw very largely 
we owe our knowlrdgo of them to the labours oi Sir William Kamsay and his 
eollahorators. Helium was, by many years, the liist to be diseovered; Imt it 
was tben known only as a. siibstanee present in the solar atmo>pliere. l;att% 
certain observations hy Uayleigb on the density of atmospbene nitrogen 
directed attention H*/-^'veiidisb’s jixpenmerits on air, and a ri'petiLion of his 
work led to tlie discover/ of atgon. A thorough search for new sources 
of this gas led to the furtiier discovci'^ tliat certain r.iii: ininetals eontamed 
qnk.e considerable ammints of hciium. 

^ With the perfection of a])j'ar,at us I'ovfiie llqiiefact ion*or aii by tlie process of 
self-inteusive refiigeia-tion, it liciamc pui-.sible to liijm iA ;!iid fr.icUoiudiv distil 
(piantiti'.’ji^if atiwsfilieric aigoii , and iu tlie heavier fia<‘(io!ih of l-liis gas 
Kamsay amPlVavers found the new inert gas kiApi.on ;>ppl:caiion of the 
same inetlioj^s to st^l larger (piaiititics of .irgoq led to the <lisco\ery *>f neon 
with helium in the lighter fiactions; and of v*enon vVifli krypton in the 
heavier fractions. , 

llTfe liis^orical sections of the snhsisjuent chaptcr.s, if taki'ii together in tlift 
or^jer indicated above, will give some id<'a of a story as iiileiestmg, perhaps, 
as any thftt jan ho found in chemical literature.^ 

•Witli the exception of argi'ii, tliese g.isi's are ])resent in air in extroinely 
minute amounts , hence fj«:y are frequently spoken of as the “ rare gases.” 

It was at lir.st syggesteM •that argon* inig^it bp 5. polyniei* of nitrogen, 
related to that gas jmi as ozone is to o.xygen; and that heliiup might 
similarly he a pblyfticr *)f hyffrogon. Jhit a gas of tltc^ mplcenl.'ir fuilmila 
Ng viK)uld havi‘ a density of 21, whereas the dcpi'^iu of argon is under 
2Q; and a similar digcijpjaiicy is found iiv the case of Indnipe With the 
discovery of tlie other^^ises the gj’onp, the polvtnorisatioii theory^ was 
finally abandoned.* 

• See Ram?-ay, Tfce ilascf! of the j4lmosp}*etf tMai-Dullaii k Go., 190'.I); audiftloore, Chcvi, 
News, 1911, 103 , 242. • 
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it follows, then, that these gases must bo cither c6nii>oumltf of known 
^elements—a very unlikely thing in view of their extreme inditicrence to all 
chemical a‘■(Ult^—or else new elenu'ntary substances. It is now g<>ncriilly 
believed tkit tlio l.iCloy alternative is uorreef, and tlio positive evidon(;e for 
this belief may be briefly suimnaiised here:— ^ 

1. Tlip intu't gases giv() very characteristic spectra ,;viiich, neverthclcso, 
show genera' reseniblanccs. For example, all give dual spectra. 

2. Tiiey are cheimeally inert (see jip. '.y'li), 'U2). ■■ 

' 3. They show general reseiublanees and gr.idations in })hysioal propiirties 

'Suoh aS'iire seen in other faniilios or groups of elements. This can he readily 
seen by refening to Table 1 , in ^vhieli the pli^sieal constants of the various 
gases are tabulated. 

Tahuc 1.' 


g-r - 

--— 



> 


--- 


llelnim 

Neon. 

.•\r’-'oii 

Ju•.^l/to|l 

A.noil 

Niton. 

Ooluir 

■ N'one 

.X.iiie 

X'oiie 

Nnlie 

None 

None 

Smell: Taste 

None 


None 




Uatlo of bj>. 1 cjits, 7 

1 (Ja- 

l-i;42 

1 c.s 

1 (130 

1 CCO' 


Weight in Ktama i>l 1 
normal lilie . . | 

0 1780 

0 imii-’ 

1 7hlS 

3 

5 3.51 

0 07 

Density {0'=l(-) 

l ',"»') 

1 . •imi 

I'l ') . 

41 .Mifi 


111 :• 

Mol. wt =- At. wt., 


2 fJ 20 

3/ 88 

82 q 2 

130 2 


Thermal coiKliu'tivitv ) 
*X 10 '‘ . 1 

Ci sc 

loy 1 

33 lU 



Kefra-tivity: 1 

(;i-l)-,lO'lforAiU(.l 1 

J4 

07 16 

•JS? 0 

4Js 7-1 

705 40 


nispereioii: \ 

' Cxlo"'^ m Selim.'ler > 

•’ 42'-. 

f. 137 

0 4S3 

ID'OKO, 

1 “ Jl'l 


equation . . ) 







Critical leiiii't'iaUire 

&■ alls 

(.|| uOs 

I'.O’C. al.H 

'iirahh 

>0 O.klM 

,i7i' r. ai>s 

CiiilcHl |iiT<siiie 

2'7l>alnio 

.i'J atini) 

47 'iiiiHtin.' 

1 \ S .OHIO 

5H •' ,itlo<> 

(.3 5 ithiKi 

lloiling pr.llit 

4" 6 .iIh 

JT 1 .il>' 

.SIC nl.s 

I'.'J al.s 

lO.) 0 ,ih» 

'11 ,ihs 

MeltinB-p<nnt . 



s;r 4 aii-j 

104' aOs 

1 1:1 alls 

20 ‘ 2 “ ahs 

Vaptmr-jiressiire i.itl'i ' 



1 ) (HM 

(j oir,7 

U’t Hn.') 


Dell»lt.V of liqillil 111 . Ijoil- 1 
iiig-r "lit . ( 

0 151 


J 4046 

2-155 

:5 06 

5 (tii.prox ) 

ConipreBbii.ililv 

Zei 0 

-boi'ior) 

11 ) lionst 

!-o O 02 IO 

i o-of.coo 


Alisorption co"ift ato* ( 

0 0154 

Oillll 

0 u.'-.fll 

0 I'iO? 

0 ‘ 2 isy 

0 5 

Viscosity,all) : 1 

C.O.M. units/ 10 ' ' / 

' 1*S70 

2 031 

2 102 

•2 :i:u 

' t 107 ' 


Tomperatiire cuott't »/ 1 
vi9co.-ay; I'.i- . j 


e.v 

2s:i 

303 

330 



From this table it will be obseiwed that all those gases are eoh'uric-’., and 
probably all arc odourless and tasteless, and that in every case the ratio of 

* By ronipTcssibihly in this table i3 undersUiod the mllicieiil AJ dolined in tins ''^ol ,, 
Part I., p. 131 ; it tcfeis to 0’ 0. Tlie vahns fer liclmm airj noon aie the vosults nf ilirect 
measurements, the ytlieis have been obt'UiK'd ni(lire'‘Lly by conijmitrig Guyc’.s “cntical 
constants” equations (Part 1., p 135) with Ibatlivlot’s “liiiiituig density” equation 
(Part 133), and assuming the nceo'sary entici’l data; The molecular and atomic 

weights given are those nDtaiued by tlie inetlidd of ciitnal o^'iistants (Ar, Kr, Xe) or the 
method of limiting densities (He, Ne). 

By vapour^vres'furc ratio is luoant Hit value of c in the equation 

T„/T. = T,,/'JV-f(T„-T„0,*'‘ 

wher6 Ta, IV are the temperatures (ab.s.) at wi, tch the* bicrt gas haf' the vapour presaiirea 
Pi an/l;/2)'ftnd Tt and Tm are the temperatuivs at wliich methyl alcohol has the same vapour 
pressures p" ard respectively. 

For the )iolcculur velni'itiea, vvihcHlar d nvirtrrs, and menu f'ce }>aths, and also the 
refractive indves of the liquefieil gii>es, see Radoif, PHI, Mag., 1909, [vi.], 17, 795. 
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fcho specific cheats ap()roxi mates closely to th'' theoretical vahiS (■l’(i67) for a 
monatomic gas. * 

Although the data in sonu' eases are incomplete, a )inifei;m yradatioii’of 
properties is clearly soon in the* values of tiie density aul mol^'ciiirir weight, 
the thermal conductivity, t^ie refracWve index tyul flisj^coMon, the critical 
tiynperaturo, tht; boiiuig-point and melting-point, tlu! d(Misity of t l.e liquid, an i 
thp vapour-i)ressiire*ratio. Witli reference fo the comi^ressibiiity, the soki- 
hility in water, the viscosity, and tla^ specilic inductive eaiiar^ly, it will be 
observed tliat there is a similar giwliitmu of [unpcrties, tie' uniformity of{ 
which is, houever, broken in the e,(s<“ of lu'on. W hy tins should lie s*) Is not 
at all obvious, hut it may be remarked that t]^c cctmpn"sibilit v, tlu‘ solubility, 
and the viscosity are known to be depi'nileiit iqtoii tin' attra'-iion b(‘twe(?n the 
molecules, and it scorns therefore that, while from their religions of their criti¬ 
cal tem])oriitures one would expect neon to be less “perfect ’ than helium, in 
reality it is “ ultrape^fect” at oidniury teinperalures. , • 

It will be evidtmt from even a casual udanee at tin' labh' that llie simi¬ 
larities and gradations of jirojicrlies montU'iied abnvedo muhmtitrdly exist, 
but no smi])le and exact nnnierical relationsliip has iii'eu tiaecd 'I’liis is (piite 
in accordaneo with what we observe in other families of eUaueii^s, hut*it, 
ncvertlieless, represents tiu' grave of a Ixtried hojie. ^\'hL'n *aigoii and its 
companions were first f^llnd to jjave such a sinqile moh-t u! ir striicinre, it was 
thoi^ht that th(' study <of their properties might gj\e some elu# to the riddle 
of the periodic tahj^i, ])ut hithertij it has not hi'en 'possible to find any mathe¬ 
matical expression wliieh will enable ns to ealeulati' acenralely (lie valTie of 
even one constant of one gas from llie values determined foi others.' 

It has luM-m aIready*irientioned that thi' ratio of the sixs-ifu; lu'ats indicatciT 
that each of the im' ileuses is moiiatomie. Iknhaps the most convincing 
evidi'iice of the trutfi (,1^ this edneliiMon i.s aflorded hv the results of 
J. J. Thomson’s researches on rays of •positive eliu'tiieily.' Other evidence 
bearing on the atomieitics of tiu‘S(‘ gases is ;Jiveii in tlie siihsequent chapters.^ 
It will now bo evident that tins fam^* o^ inert gas?s siioiild find a. jilaee 
*TnThe Periodic (Tissi!i<'ation. The table as usiiallv written Itefon* their dis¬ 
covery (see Fronti.qiieee, I’art I , omitting Oroiip 0)* iqineaved to be complete, 
except for’Ufte^'Sional gaps into which they could not, liy .ti^y ])ossibi1iiy, be 
fitted. * • # * 

Now if w?consider the atomic weights of tlie‘ fVst thiiecte nmmhers of the 
argon group, it is evident that tiny can find a, plai-e only in the eigdith group, 
or by4hem:t.dves in a new’ group pieeialing Oroiip I. 'Die fonnerhtllernalivo 
was strongly ujiheld in the earlier days of their dis<‘ov(iy,*but the latter 
posfbion w:^s preferred by the <lise(»veiers and is now generally accorded to 
these gases. * • 

* tfsually ilie position of^an element in the talde can bo justified by re- 
, ferring to its chemical ftcWtviour as compar*d wiih* that of ijeighliouring 
elements; and it mighl at fir;jt sight apfsair that tins kind of ri'asoniiig was 
inapplicable to tli^ in^^rt gases. ^Diis inertness, however. tifiVirds the stVor.?:est 
possible justification for piacingMlimn in (IroiqiO, as may be* rcadil , seen if 
we remember tliat the abpve talde^is only aVonvemen^ way of exitressiiig the 

» ____ __ * ___ 

* Approximate relations have b'^-a disuovoicd ; soc, r.ij., Loiiiig, Chein. I^'ews, 

I 03 » 71, • , , 

'■* Sir J. J Th<inv5oii, Itays of PosiLivf Elc'trkdy (Iltjiigiiiiins k To.* 1913).% • ^ 

** For a (lihftussion of the atomicities ot inert gases* .see If. F. Arnisifoiig, ScieuM 
rrogrm, 1913, 7, 648 , Sir 0. Lodge, 1919, 8, 197 ; jSoddy, ibiU.^ 1914, 8, 654. 
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fact that if we pass from lithium througji boron, carbon, ifitrogen, oxygen, and 
Tfliiorine to/sodium, we find in the last clement a modified reproduction of the 
properties of the first. This is most conveniently ilhistrated by one of the 
various spual nrrau^eivonts of tlm table whicli have boon proposed from time 
to time.^ « ' ^ 

' It is then evident tliat it is immaterial whotlier the pew group is placed 
before the first or after the eightli group: - it is in either case a transitional 
group throng}' wliic!» we psss from the (‘xti'cmely electronegative Ifalogens to 
rthc other extreme—the electropositive alkali motiils. The characteristics to 
be expected in such transitional elements were indicated by Julius Thomsen 
by a mathematical analogy, TJie change of periodic functions from + to 
- values can only take place by passfige throngli zero or infinity : the first 
mode is (/nnJ/ial and corresponds to the change of properties observed as we 
pass along a series ; tiio second is abrupt and corresponds to the change 
^ivob'cd in passing from one series to the next. • 

Accohling to 'I'homsen, it was probable that the transition from one 
series to tlio next should take place via an element, the electrical character 
of .p Inch corresponded to ±oc, and that the valency of such an element 
would be. accordingly he sui)posed tliat there should be interposed 
between the series a group of (dements of zero valency, electrically and 
chemically inditlerent. Thomsim, indeed, jircdicted the discovery of a 
group of siu'u (dements wliosii atomic weights should bo 4, 20, ^46,* 84, 
132, and 212.3 

tt may be mentioned liorc^ that a, ])i’oU'bt was, at one time, entered against 
altering the periodic table in order to niak(‘ a place for these gases,and it is 
perhaps a trifle (lilbortiaii to devote a sci'lion of a toxtliook on chemistry 
to elements devoid of chemical propeiti('s. Novertfvdess, tlie redationships 
indicated above provide a sufiicicnt justificati(^',V for so doing, mid indeed 
show that without the inert gasiss tie, jicriodic system would lie incomplete. 
In view of Mendidifadrs suggestion that a member of the group lighter than 
hydrogen might exiso, it is apj^ropHatc to mention liore that a search for 
such a gas in air has proved fruitless and also it may be added that if there 
is any other inert gas, of Ingb atomic weight prestmt in tl;e atino^;»hero, the 
amount of that must lie extremely small in comparison with the amounts 
of krypton and xeuon present.'' 

The only difficulty tha^ arises in })lacing (iroup 0 between iiroup 1. and 
Group VIII. is that it brings argon Ixitween chlorine and ])otassium, an arrange¬ 
ment whicb is “noi in ac(',ordanco Mitb their atomic weights, as the f(?ldowing 
table shows:— 


F = 19-0 
01= 35 40 
BV= 7'J*92 
I =126-92 

4 


He= 4-00 
Ne= 20-20 
A = 39'88 
Kr= 82-92 
Xe = 130-2 , 
Nt = 222-4 


Li = 6-V4 ' 
Na- 23-00 
K - 39-10 
Kb= 86-45 
Ca -132-81 


* See this volume, Part I. Chap. VIII. •>,, 

*,See, e,g , Howe, C'At/n. News, 1899, 8 o, 74. 

^ J. Thomsen, ZtiUch. anorg. Chein., 1896,9, 283.'* « 

f Picvini, Zeitsch. miorg. Cheni., 1899, 19 , 295; Oazzeltit, 1899, 2tv 169: cf. Martin, 
Me. 1901, 17 , 259. 

® Coates} Proc. Pov. Soc., 1907, 78 . 479. ' ' t 

» See Sir J. J. Thoinson, Ilavs of Vosith^ Electricity (I/'iigniaus & Co., 1913), p. 1x1. 
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It is not posipible to eicprain why the atomic wcijrht of argon is*groater than 
that of potassium : one can only point^to other similar cases - €,<j. iodine and 
tellurium, cobalt and nickel—and say that in this case, in/those, the 
evidence of ohoniical relationshij^ appears to justify a viokition of ,^Ju5 order 
of atomic wciglits. » • ^ “ 

# In order licit Oroup 0 may bo strictly analogons to Ihc oUht groups, it 
should contain a tyj^ical elenient and odd and o*cn subgroups.. If this is 
really tlie case, then the only ropivsentative of the odd subgroiy> at present 
known is neon. It has lieen already noted that neon diders in several 
respects from the otlier known mombors of the group. . 

Miicli interest has been aroused by th^ discovery that the u-rays of 
radioactive elements consist of material particles wbicli are atoms of 
helium carrying two atomic charges of electricity ; and that niton, the 
first product of the disintegration of the radium atom, is a member of this 
group. Jt seems prj^ctically certain, too, that kryiiton, though present in, 
the air in most minute accounts, is largely rosjionsilde f( 0 ‘ the spltuidour 
of the ovrora boyentin. These mattius, and many other interesting points m 
eonneclion with tlie rare gases, arc dealt with more fuH)' later. 



gHAT'TKIi II. 

HELIUM (He). 

^isto.ry.- Durinf^ tlie yolar oclip'se visi])le in India'on the 18tl' An^nist 
18G8, a spoclr<i 8 c(>[m was for the tirsl lime turned upon the solar chromo¬ 
sphere—the luminous atniospliere of gas whkli surrounds the sun. ^daiiy 
obflMvers noiieed in the ehromosphoric spectrum a yellow line, supposed by 
them to ho tlwi D lines of sodium. .)ans.sen pomLed out* that«thi.s line did 
not exactly coincide with tiie soilium imes D, and 1 )^, and lie jiroposed to call 
it D 3 . Shortly aflerwaids, 1'rankla.nd and Loekycr •• came to the conclusion 
that this line''i;(mld not be attrilmted to any bnown terrestrial substance,' but 
mu 8 ,t be due to a new element existing m tin; sun Tn tins liy{)olbetical 
element they gave the name hrliiim ((Ir. »;A.(,o 9 , the sun); a name winch was 
^generally accepted by astronomers to denote the substance giving rise to the 
line Dj. As observations accuimilated, certain ollu'r lines were scon always to 
accompany this line and to vary with if in intepsdf,^a'nd tliey were conse¬ 
quently attpbuted to the same source. Tiie ‘diieF of these were A.7056 
\4472, and A,3ii70u'‘ I’a dseU' has X587b. 

Until the year 18!!-') the oniy reference to the possible existence of 
terrestrial helium is found iif a note l>y the astronomer I'alniieri,^ 
observed tiiat a lava-like yroduet from Vesuvius gave a yellow spectral line 
of waw>-length and concluded that it contained helium. —llnfortun- 

ateiy no details'of his nuithod of experimeut are given, and it is possible that 
his oWrvation was mistajum. Helium is Known occur in Vesuvian 
minerals,^ but if if/ not passible to obtain the ludinm spectrum from holinm 
minerals qither by heating in the tlame or by Ibe sjiark.''* 

The actual discovery of terrestrial lielium was made by Sir Willialn (then 
Professor) llamsay in tin' latter part of 1804 when searching for new soijrcea 
of argon, then recently discovered. Wiiile engaged in this irv^csKigation ho 
received a letter from Aliens, the eminent mineralogist at that ti/ne connected 
with the British Alusimm, in which it was sngges^.t^d tiiat it might be worth 
while to emmine cerbyn iifaninites (varieties' of piVch-bleride) from which 
Hilleb\:and" had obtained a gas which h^ hi*d ♦supposed to be nitrogen. 
Ramsay con 8 i<jere”d it imjirobable that nitrogen ♦could liave been obtained 

__ i ..._ . 

r ’ t 

* .biiissfiii, doni/it.rend, W68, 67. 838' . 

* Fraiiklanfl'and Ldckyor, I’TOf. Ji'oi/. iSoe^, 18G8, 17 , 91. 

* LaiKlaiier, .Syw/raA/vift/yse (1S69V p- ♦ 

* Palmieri, Jlcmliconli R. Accad. di Napoli, 1881, 20 , 233. * 

VFiulti, r.>' R'ldix-^n, 1910, 7 , 1 - 12 . • 

*• Na''im.in(l Aii'hiliiii. AHi li. r/A’ad. Lim'd, 1901, [>c], 13 , i. tG 8 . 

^ Ilillebraiid, Lull. (IS. Ucol. */«/'rc</^»l889, No. 78 , 43. 
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from Its compound^ By t-lie nictliods llillolmind had iisod, ^ind Ihoicforc 
proceeded tT> re-examine clevcite, one (jf the luinerak from which llie supposed ^ 
“nitrojAcn’' laid Idccii oblaima]. • 

It x\as really u most nnroi^innile chajiler of ar\'i<h‘iils Thatf prevented 
Hillehmnd from making thj diseovei^- of helmm. We^liad toiyirnuid the 
prcsem:(M)l nitrogen in the cleveito gas in vanon^ ways: (a) the gas when 
sparked with oxyg^rfi gave nitrons fumes, (/>) jparked witli hydrogen In 
presence of hydrocldorie acid it gave ammonium chlomdo, tie •ideiitilj' *of 
which was proved hy conversion into ammonium platiniehloride iftid estimation^ 
of platinum in that salt; (c) when subjected to an eh'ctrical discharge in a* 
vacmim tube the gas gave a strong nitrogen s[ie< trum. llamsay was’alde to 
conlirm the a<-eiii:iev of these results, as lie found ahout 1 ‘J pel r<‘nt. of 
nitiogen m the Indium from cleveite. 

lhllel)raiid, writing to Ivaiusay after tiie diseii\eiy ol helmm had been 
aimoiineed, exjilained tiiat he had notic'd that m liis exjiei'iineiits the forma¬ 
tion of nitrous fiim'^is and amiiumia jiroceeded very slowly, and^thift th 8 
spectrum contained many lines not attributable to nitrogiai. To llie lirst 
pheiiomonon ho attached but little signitieanee as be was using only a small 
current. lie was aware that the spectra of gases are* profoundly inilnef'rced 
by changes <lf jiressure, and therefore, though lie and liis as^i«lan^ joenhfrly 
suggested tliat they iniglit be dealing with a new elenn'iit, tbi‘ matter was 
allowed to drop, and 1 ^-liiim remanu'd nndiscoveied for aiioUier li\(' >ears. 
Tru\y a giaatl (liseovory narrowly missed ’ ’ 

Ramsay heate(r])ow(lered elcvi'ite with dilute sulpliuric acid, s]iark(yl the 
resulting gas with oxygen over soda, rcanovefl excess of oxygim witli alkaline 
pyrogallatc, washed with water, diicd, and tran^fe^('d to a vaennm lube* 
The light given liy the ]>a sage of elect!icily tliroiigh tins tube was exauiined 
visually in a spertros(».>f(^ aioiigsido Uiat From a I’lucki'r tiilie eonlaining argon, 
as a comparison. It so liapi[)iuii'il that tliis second tube, ownig.lo imjmrities 
contained in the inagnesinm cloctriHles, g'^ivo the speeVa. of hydrogen and 
nitrogen as well as the argon sjiectruin. It was at onci' ('\ident that the 
** :lWeite gas contaimal some argon ami hydrogen, but it gave also a bnlb.int line 
in the yellow, nearly, but not <)uite, coincident wilij tin' yellow so<lium lines. 

The \.’ -^i^len^li of this line was measured by (h•o^rf^e^ ^md juovcil to he 
exactly that of the solar Ib IJne. it thus Jiccame kuinsn tlftit helmm could 
thenceforwawl be roilomed among the number of tei'restn;>1 elemenls ‘ 

This discov^ery was (juickly eonliriiied by (T'uj'- aiMl^by L(n-ky<‘r, who 
propji^Hl sample of the new gas from broggeiiic, :md ideniiticd in its 
spectrum many lines which had previously been attributed tu,li('lmm.^ 

>Beforc^long doubt was cast both on the clcimMitary iialnrc of the gas and 
on its identoty with solar helium. Riing(‘ and 1‘^ischcn sh(>w(;d tliat the 
'^spectrum lilies of helium fell naturally into six senes wliich were r<‘lated to 
one another in sets of thifft.^ In eacli seMhere w-as a Rrineipal Scries com¬ 
posed of strong lines, nnd tw*) ^liihordinaie Senes, consisting of'wu'aker lines, 
w^iich converged^ to a c^niftnoji limit. The sonc's shewed general resem¬ 
blances to the series*of l^drogcm, on the one hand, and to tliiit of lithium on 
the other. Moreover, when the gas was aUfjwc'd to sUeam through a fiorous 
pkig into a PUieker.tjJbf, the light at lifst was,green, the Jino A50I6 of 

_ _ > > * 

' » » > 

* * Crookes, /Vvc. Roij. .sVe., 18y.'), 58 , 69. , 

• * ('ll've, (Jompt. 'imd.. 1895, i5o. 8 !^‘isiKl 1212. 1 

*Cjockyer, I’roc. Hoy, Aic., 1895, 58 , 69. 
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the single line group being equal in intensity to 0^^ and then gradually 
became yellow as became relalmly stronger.^ This observation was 
confirmed-by Brauner.^ These investigators therefore concluded that they 
had separa'ted d^veite gas into two conipoucjnts: helium of density 2*2, and 
a lightcr'^gas' for wbrsh a name, parh'Uvm, \yas actually proposed. This 
view received some su})p()rv from tlie fact that helium from dilTcrent minerals 
showed considerable varht^ions in density (from 2’181'>to 2 114),^ and by 
diflfusion through pc'rous earthenware could be 8oparate<l into t\yo fractions 
^diflforing stilTinore ill density. It was even suggeste<l that there might be 
' two sizes of uiolecuhis in the gas.'^ 


The homogeneity of helium was subso<|ueutly proved in two ways. 
Travers-' showed that on pasjf.ng an electrical discharge through helium 
contained in a vacuum tube with platinum electrodes the pressure fell 
steadily, owing to tlie absorption of the gas by the finely divided platinum 
deposited on tlio walls of the lube, and tliat with tliis fall in ])rossnre the 
'bolouY oj the glow changed from orange-yellow, through briglit yellow and 
yellowish-green, to g;reen. At tiiis point the tube was allowed to cool, the 
residual gas was pumped oui, an<l the tul )0 was heated with a flame in order 
to drive out the gas o6(dudod in the platmiun. According to the hypothesis 
advanced by Itunge and Paschen, this gas should liave containo^i an excess of 
that constituent to which tlio yellow lino of lielium was due, but when the 
discharge was again passed tiirough tlio tube it show(-‘d exactly tlic same 
behaviour as^the original gas. 

Further, Uamsay and Travers^ conducted an exhaustive fractional 
diffusion of cleveite gas and found that, though it could (lortainly bo 
.■separated into two portions of densities 1-079 and 2’245 respeeiively, the 
lightpr fraction, wliich possessed all the properties'attributed to helium, 
was uwhamjed by further diflusion, while the heavier portion under tiiis 
treatment gave still heavier fi-actitnis wliicli 'were ultimately shown by 
spectroscopic obsorcaiion to contain argon. The uncertainty caused by tlie 
differing densities of ,natural helium, was th\is satisfac-torily removed and the 
elemenbiry nature of the new gas demonstratt'd. ^ 

At one stage of its liistory tlie identity of cleveite gas with solar hf-lium 
was alfo open to^ dorbt as the former gave a yellow lit.e was nn-' 

doubtedly doulHe.^ while the sqlar line I).j had not, at that time, been 
resolved.'* TAter*'however, both Huggins^ and Hale^'* rhowed that the solar 
line was also double. 

During the first year following the discovery of helium—argQp bejng the 
only member of the group then known--its position in tlic periodic classifi¬ 
cation was matter for much discussion,^* and even as late as 181)9 Jiraun';r^'^ 
showed coijsiderable ingenuity in devising reasons for considorii g helium and 


^ Ruugc and Paschen, Phih (v.], 40 , 

« Brnuner, Vhe^n. News, I89«, 74 , 223. =* Ruiiisay, Proc. Roy. Soc., 1896, 59 , 326. 

* Kamsay and Collio. Froe. Roy. Soc , 1896, 60 , 3'^6. ^ 

•^Travers, Proc. Ttuy. Soc., 1897, 60 , 4-19. 

® Ramsay and Trav<?rs, Proc. Roy. Soc,., 1897, 60 , 206 ; 1898, 62, 816. 

Rimge, -Nature, 1896, 7I> 283. 

» Huggins, €hem. iVcw^,1895, ^i\ 288 ; Belopolsky, Societd Spelt. Ital., Way 
1894 '■ ' ' 

• Hugguis, Chm. Nexos, 1895, 72 , 27. 

V Hale, Astroi\Qxn..NaehrichUn, 1895, 138 , 227. 

» See;f.(^;'Dccley, Chem. Ncin, 1896, 72 , 297 ; Wilde, Phil. Mag., 189f»p [v.], 40 , 466. 
BraunVf, Ber., 1899, 32 , 708. 
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argon to bo inert comp«\nnds oi^ ullotropic modifications or Known elements. 
With wider* knowloa'go of the giouj) to which helium belongs‘it liecotnes, 
however, increasingly probable thut llic commonly accepted viewf^ as to its ’ 
elementary nature and position in tlu* periodic classification ar» covrect. 

Up to 1003 the work donc''on hcHum consisted i)ia>ily iu tlU! delailod 
examination of its properties,’but in that year Uamsay and Sodciy ^ made the 
sdhaational discovery, that this gas was a product of tlie atomic disintcgm' 
tion of railium. This discovery will be dealt, with imye fullvoluter; it ds 
merely iieciissary to slate liere that it has hern shown since that ludium is 
also produced iu the disintegration of other radioactive olemmits, and that j 
the atom of hcdiiim is identical with the a jiarticle. 

It has been supposed tliat hcliuin ean be^in-oduced l)y (he ^)a^^age of an 
electrical discliargo tlirough hydrogen (see Neon, p. 32:')). Sir .1. J. 'I'lKrmson 
lias obtaineil ovidcnco by his positive-ray method of the coK’iiimous osolution 
of helium from salts by the action of catliode rays.- 

After many fruitiless attempts to liquefy helium h;ul been mack) bjk 
Olzewski* and Dewar,that difficult task was accomplished in by 

Onnes. 

Occurrence. —Holiuiii, like many other “rare-.” elements, is widely 
distributed iw nature, tboiigli in must cases it is found only in sipall quantities. 
It is present in tlio atmosjdioro and in sea- and river water,^ in the gases 
evolved from many mineral springs, and in most of the older rocks and 
minerals, ft has been'detected in at least one .sample of meteoric iron; it 
exists, as already * mentioned, in the sun ; and speetroscopic oliservalions 
lead to the eonchisioii that it is pi’esent in many otlior fixed stars and is 
indeed the chief constituent of the liottcst of tliem.’’ The lines of heliunj^ 
are also seen in the spectra of many nebuho and nova\ 

I'he presence uf'liy'lpnn^in the atiunspherc was detected sjieiTroscopically 
first by Kayser at llonn in August I ’ and, soon afterwards, liy Friedlunder 
at llerliu.'’ Jlamsay, using Dewar’s nu>tdiod of separation ivfra)^ found 
that air contained O-OOOOOfi per lauit. by weight and 0 00040 })er cent, by 
, vojmne of helium ; Le. about 1 volume <(f hekuni in 2r)(./,000 volumes of air;® 
this, however, is obviously a ininimum value, and Watson,^® from an analysis 
of the g''s scpavitcd from air by DIuude’s me(!ho(3^(t'ufc Neon, y- 
concludes tlTTit the amount is more probably of the ordef^of 1 volume in 
185,000 volumes. , * * . 

Helium has been detected in (he gases evctlvcd fr<?iu many mineral 
spriiigs. The lollowing is a list of some of tlic more iinpoitaiit:— 

civ’e spHiigs at Hois (Cauterets) D* several springs at Wilf^bad (Black 

, — .. 

^ and Soddy, 7V(icr. Jioi/. , l!t03, 72 , 204 , 73 , 346. 

*^S)r J. J. Vli'iiiison, Uai/s 0 / I’oSiUm Iliedi icitij (FiCiign.%iis & Co., 1913), j'. 122 ; ef. 
iFarnsay, NatuYc^ 1012 , 89 , 002 

Olzewski, Wicd. /fn?irt/cw,*l&96, [lii.], 59 , 184; Vtidl. /Uad. Hd. Cracow, 1905, 407 ; 
C'Am./Viys., iy06,4.viu.], if, lo'.i. * * s* 

Dewar, 2Va?is. Ohem. 73 , r>33 , Coinpl. rend., 1901, 139. 421. See also 

Travers, Sentor, aiid’Jafjuerod, Pldl 1903, A, 200 , 131. 

® TrooBt and Ouviard, Cofhpf.. rend., 189.5, I 2 I, 394. 

® Cockyer, /Votf. Ruy. Soc , 1898, 62 , 62. ^ 

^ Kayser, Chem. 189/* 72 , 8 ^ • 

® Friedlatid^r, Zeiheh. pJfysikal. 1896, I 9 , 657. 

® Ramsay, Proc. 1^. Soc,., 190.'i, A, 76 jlU ; 1998, A, 80 , 599. 

Watson, 2'mns. Chem. Soc., 1910, 97 , 810, 

** Ramsay andffraveis. Proc. liov. Soc., 1896, 6 «. 442 ; Bouchiid, Coii'ff^ rfnd ,A89&, 
131, 392. « 
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torcht);’ l»:v.llirrc (Pyrenees)llii^nioles do I’Onie f ‘ Monte Jrone (Abano) 
^ }uid (Jasotlo ami Tini nojjioiU (l.iwdqfvllo, Tuscany);^Mazieros* COto (fOr, 
and many, oilier Kprin^^s;-* the Math springs.■■■' 

The i^j^es'at Mazihres contain 5 1 per ^ent. of licliuin, and might well 
serve as irseinvc of ll>{‘ gas. 

Cady and MacFavlaud" luive made a minute examination of a large 
Fiiimher of samples (^17) of ualiiral gas from dilVerent localil^ies in Kansas, U.S.A., 
especially \fith refeamce to the amounts of helium contained in them. Some 
^ helium was M'oiind in all hut two samples, and the proportion present, 
< in gemual, increased with increasing amounts of nitrogen and decreased with 
ineroas'o in the aniounl (»f p.arallins. It is jio.ssilile to trace lines of approxi¬ 
mately etjual coiilcMit of lielmm^’niid parailins, and it is found that tliesc run 
across tlie State from X.K. to S \V., and show a general correspondence with 
the lines of tnittu’dp of the various geological strata. In four of the samples 
tho amount of lielinin was over 1 per cent, by volume:— 

^ «) 

Mlexter, Cowley County, . . . 1‘84 per cent. 

Dexter, Creeiiuell Well, . . . l'(I4 „ 

• Kureka, Ke\\i ]‘'ield, .... CoO ,, 


jMireka, Town Su))ply, 


l-oO 


It has been found that about O'17 per cent, volume of helium is 
contained iiij^the inflammable gas wbieh has for nuiiy years bhiwn frpm a 
hole in tlio LMrnalhle lied in tfie underground workings at liCO}»aldshall 
(Stawfurt) ‘ Simihudy, both leliiim anil argon have lieen huind in gas 
blown otr from the rock-salt at Karlsbad^ Helium \arving m amount from 
"0141 per cent, to •t)(,)l t p(>r e<'iit oiaairs m tlie natuj'al gases of KissarmAs 
(Hungary), IVehelbronn, Weis (Ausina), and Neiiengamme (Hamburg): 
tho gas from a deep well Imnng m Aisac('’eontaitK’’d 6*118 per cent of helium.'^ 
It has bren c;dculaL('d )»y I)r .lohiislonc Sloney that a gas having tho 
low density of helhim could not la* retained jiermanently by a planet of 
the earth’s mass ; it « ecans piulublo that the eoiistaney of the proportion of 
helium in the a.tiuosj)heie is due to a hulam-e between two factors -tlie 
of helium into space and. itsconlmual emission from sources such as those 
mentiolied It Iw s ht'en calculated tliat mne of the mineral fv-’TTTLis investi- 
gaU^bgive oft m the aggregate abnit 12,0(10 litres of the gas annually.’* 
Helium is pre^.ent, usur-d!'y alon*-, but in .some caso.s at-compaiWed by argon, 
in a largo number of minerals and j'o<-ks, and a considoiable Vo<ly of evidence 
has been aiTcunmlated which indicates tiiat its presence is to be usepbed to 
the disint<’grabam of radioaelive material that is or has been oontninod in 


‘ Kivyscr', ('/(I'lH. Av?/-s', TsOf., 72 , ?-9. 

* Bouchard, he. cit. 

^ Boucl);ird and Desgic/, Cohi/fL rinrl^, 123 , JuiQ* ’ 

* Momvu, 121, 819 ; I!K)1,T39, 852 ;tl!>U 6 , 142, llf' 5 ; Moureu 

and Bnju.iiil, hid., 190tJ, 143 , 79^. •. * » 

'^'Rarnsay, I'm:. Jhi,. A’oe., 1896, 60 , 56. .Sec also l’eson<lorrcr* CLcvi. Zeit., 1905, 29 , 
359 ; Prytz and Tnorkci.ssohn, i'hm. Zeiitr., 1905 , fu ], 1570 i Ewci*. ibid., 1906 , [i.l, 1319. 
® Cady ai^d IHl'arland.'J^. Aiiier. e'Vw. .S'w., I9'i7, 29 , 1523. 

^ Erdmann^1910, 4 j, 777. • * , o. 

* Pcsendorfer. CJicm. •ifit., 190.5, 29 , 3(9. < 

(]zakd, ZoUsek. anonj. Chem., 1913, 82 ,, 249. For lieliimi ii coal mine gases, see 
Moymi and Lopajjc, lOuL, 1914, 158 , 598. • 

Stu^*y, ilhem. jieus, 189^5, 71 , U7. 

“ Moine«and Bi.juard, Compt. rciul., 190^, 146 , 435. 
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these substances. Thefc is reason to believe that the hcliuft)«in natural 
gas is mainly “ fossil,” tmd not of n'ccl^t formation ^ 

Tho most important helium minerals are; cl<'’eito and other species of 
piti’h blende, moimile, fergusoirite, l>ro-;j:erite, samarskiie, thori^nite, and 
euxeiiilo.- Other minerals ill which helium has jiue/t found are: Naogito, 
yttvotantalite, aunen)<lite, thalemU-, mal.u-oiu', earnotite, beryl, tohernit'^ 
wolilcrite, jiyrochloiV;, p(>lye.ra>.e, tnayerilt', xem^time,, guinmiy', thorite- 
oraugeitc, i.iohite colunihite, sphene, rutile, and /neon ; also in jlie Stassfurt 
minerals, sylvine, carnallite, kiosente, and rock-salt, in native bismuth 
(Sa.xony),'* and in iM'iylliiim minerals.* 

Tho eM.'.teiiei! of helium in a meteoriti! (^•(un Augusta (kuinty, \'irginia, 
U.SA.) atlords additional ovideiiee in favour of the conclusion that the 
ulcinpnt is widely distributed throughout our solar s 3 'sLem.*'* 

\yjSQlation. — The chief available sources of lieimm are the air, certain 
minerals, and a fe\^ miiH ral springs. Originally llu' cheapest wj^y o£i 
prejiaring litdium was, undoubtedly, by heating a suitable mmA'iil, e.g. 
monazito sand or elevoite, cither alone or with dilute sulphuric acid. 

'I'he aj>paraliis used for the pn-paiation of iieliipu according to this 
method mayjie of the form (hijiicteil in lig. 79. The iinely powdered minetal 
is placi'd ill the iron tube T, which is heated to redness in a suTtahle furnace. 
Tho open end of this tillio is Htted with a rubber stopper carrying a single 
dcliv*fry tube, and tho *mall water-jacket W cools the end of ^he tube that 
projects from the furnace and protects the nihlau' connection from injury. 
The I'vohi'd gas is freed from water and carbon dio.vidc by jiussage over 
solid jiotasii in the vessel 1> and is Hnally collecled in a reservoir ll filled, 
with mercury or stioi^ potash solution accoiding as the amount of gas 
dealt \wth is small or iaivi*^ The tyla- I* connects with a Topler pump, and 
tho open matioineler indicati's the pressure witliin the apparatus. 

In earning out uii (xperimeiit thik mineral is introduced into tho iron 
tube and the whole apparatus is ovaciiatcif On lie.iling the tube a slow 
evolution of gas <’otnme:i'a's and i-oiiIaiuc'# for nian_f hours. When the 
pr(!fisnre witlnn Ihe ajuiaratus boiomes c<iual to the atnios]iheri<- pressure 
the gas is collected in the res(‘rvoir H, until ftie evolution practically 
ceases. U is'*jhon shut olV and ihe n'sidual gas removed fr#i^ the olhfr part 
of the ap[)aratus and Iransferied eilhtu* to l^or to another jfcservoir ♦ 

A iiKjdilication oP this method consists in bitting Xlfii mineral in an 
atmosphere of t^irhim dioxitle (picjiarcd from magnesite by heating) and 
oollectmg gas over p<dash " It is stated tli.it the best results are ob¬ 
tained by heating tho mineral to 10(10“- 1200' in a pitrcelafti tube." 

* Oziko, /of. fd. ; Meiucii ami T,i']i,i])c. fnid., 1912,* 155 , 197 ; 1911, 158 , 8119. 

• ^ RiUis.ty, /^Cr; /ini/ ,'>'(>(•,, lol'O, 59 , 32;'>. Uaiiisiy and'I'lavcn-,/ie/, 60 , 412 , Itainsay, 
Collie, and Tiavcis, Tram. (Jhcuf. Hur., 1S9.''>, 67 , 1589 ; Oizowskn lUdl. Acad. Sci. CVocoie, 
1905, p 407. . • * * * • 

I Borclas, Cainpf, rend., 1908-i4», 890 ; Waters, Phil. Mag., 1909, [vi.]. 18 , 077, 19 , 903 ; 
Thoniseti, Znheh. Cann , 1^98, 25 112 ; OcU' dicks. /ki^. Oeol. Inftt* l/§.iv. 

Upsa'a, 1899, 4 , 1 ; baiigc, Zl^tlxeh. Nidnnnus., 1910, 82 , J , Tsdicinikt J. /be?, ('/im. 

18^7, 29 , 291; Kitoinn and \Vinkrs<'n, 7'ran^ Chein. Sec*, 1900, 89 , 1570; Strutt, 
Pro\ Roy. Soc... 1908, A gi*2i8; ih'jflcy, Phd. Mag., 1909, [vi.J, 18 , Ojt; I’iutti, ic 
iiarfOfrti, 1910, 7 , 110 . * ^ • •a 

1‘nitti, Atti R, A(^id. Lined, 1918, fv ]i 22 , i., 140. lit • 

® liiiiiisay, Cornpf. lemi, 1895, 120 , 1019; tor aii analysis of this meteorite, ae% Maljet 
Aner. J. Sci., 187l,*[iii.J, 2, 10. 

® Langlct, Zi^tsch. an^g. C/iem., 1895, idf €89. 

•' Sioveits and llergiier, Ber., J912, 45 , 2576 • 

VOL. r. 


20 



6{J^ j MODERN J^iOKO^NlO OUEMlSirif. 

' ■ . ' ; . 

Auothoi; oiethod which is more expeditious and^' glides a be|ter yield is 

to heat the mineral with about its own weiglit of acid poUssiuiu sulphate 
in a hard glas> tube. Tlie mixture is very liable to froth, and the tube 
should no^". be inorp. than half full. 

Most minerals give the largest yield of heiuim when boiled with dilute 
shlphuric acid. This operation is best carried out in a round flask of hard 
glass, fitted as iii fig. 80.- Tlio rubber stopper K fits some way into the 
conical neck ,so that a layer of mercury on the top makes all j-dnts tight. 
The upper end of the condenser C can be conncictod at will either with a 
reservoir for the evolvt'd gas or with a Tnpler pump. 

In performing an experiment the llask and the contained mineral (which 
musUbe finely powdered) are freed from air by intro<lneing successive smal,! 
quantities of waker through the funnel V and pumping away the water- 





Fig. 79. 


vapour. l)ilu*^o sulpliuric acid (1 : 8), wliich has been boiled just previously 
to expel air, etc., is then run in and boiled witli the mineral foy abou^ 30 
minutes. When the gai evolved at atmosplieric pressure has ocen collected, 
the reservoir is shut otF and the residual gas removed from the rest of the 
apparatus through the pu'np„'ind, transferred,.to tlie reservoir. 

As 100 grams of c/eveite will give ovei\ 500 (?lc. of gas and can be 
obk 9 .ined for abowt, 10s., tlie cost of preparation of crude helium by this 
method works'out at about .£1 per litre. Other'biiinerals available for the 
proparatiop of holiunl' % tliis method (y. which jield from I'O to 1*5 c.c. 
or more of gas pey g*ani) afu fergusonite, saii'arskitc, and monazit/C; 
mopazito sand was used by Onnes^ as, the source of the large quantities of 
helium, required for his researches upon its liquefaction. 

^ Ramsay sud Travers, Proc. Itfvy. Soc.^ 1896, (So, 442; 1897, 62 , 326. 
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*vciw»iii ui luc ua*,urAi wuurcea of helium mentioned above the gas in 
sufficient qutmtity to afford a useful f^'ipplj of it. The cliief of those are the ^ 
springs of Bath and Mazikes, tlic Tini m-^ni at Laraercllo, apd tile natural 
gas wells of Ifextcr. Tho dovicM'^llnstratod in fig. HJ lia.s been used hy Eatnsay 
in collecting the gas fi’om iniyond hjn-ings. Tho tin vcKcf V is provided with 
taps above and l)elo\v (IJ, 0), and both ft and tho tfibe A arc fust oompleteiy 
filled with water. Ot’t bringing the funnel attaohofl to the tube A o\er the 
Stream of gas rising tbrough tho water, and opening the taps B'and C\ tBo 
gas passes into V, while tho displaced water flo\\s bark into the well. 
When gas is seen to issue fi oin the lower end of C the vessel is known to bo 
full, and tlie taps are closed. 

excellent inetbod f)f obtaining heliufti, which would pr<d»ably ^rove 
comparatively inexpensive wliero the necessary plant is available, is that 



devised by Claude. 'I’lie apparatus used is described ni detail under Noon 
(p. i25), and consists essentially of a moibncation of the column used for the 
isolation ot |yiro oxygon and nitrogen by ilie frao^^ionation of liquid air, 
'•hofeby the most volatile ga.ses are collected apart. 

The fact that helium if a ^iroduct of^thc^radio-active flisiytegraiion of 
certain elements need only bo mentioned here : tlie point will be dealt with 
more fully under Niton (pf fllT5),0and under Radium, Voi. Jll. The identity 
of tho helium atom \^^th tiie a-particlos given of' during radiif-aetive cliauge 
may bfi rogai'ded as wxdl establislicd, as Kgtherford l*iis shown tliat if any 
chwgcd i)articlcs other#tJJa;» heliuBi atoms »ro givep off, their sfimber does 
not exceed 1/10,000 of the numllbr of helBim atoms.' * ^ 

Purificatio».--On account of its* great volatility at verv low temnera* 

' Rutherfonf, Phil Mug., 1914. [vi.j, 27 , 4^8 ; rf. Nicholson, ibi%, 1911, [fi.]. 22 , 864. 

* • • • 
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tares, heliunnis more easily purified than any othe/ member of the greup. 
The usual procedure is to remove iiHtrogon and hydrogen, if present, by 
passing tiic ciyide helium over a heated nu.\Uirc of quickliino and magnesium 
filings,^ ayd then oyer red-hot copper oxido.r In tiie cjiso of gas from cleveite 
or monazite, Vliich <*o^Uains no apju’eciable annvint of other imu’t gases, the 
r6sidue from this operation is already fairly fmre helium. Should the gas 
' eonlaiii ari.on, as. o/.; when oldaiued from 

' , „ * . mineral spriiius, it is necessary <.o cool it to 

< - 1 — - ^ a low temperature hy means or iKpnd air 

. boiling under reduced pressure: any nitro¬ 
gen or .irgoii present is llipieficd, and helium 
can be pumped oil'. Neon, if present, can 
be nmioved by cooling the gas with Ii<juid 
liydi’ogen. At this temperature all gases 
are liipieliod except helium. 

Tlic best method for the purification of 
hohum, however, depends on the fact, dis¬ 
covered by Dewar,^ that coeoanut charcoal 
at the loinperature of Ihjuid air completely 
absorbs alt gases except lu'lium. A suitable 
form of apparatus‘is indicated in fig. ^2. 
The mixed gases are introduced intp the 
a])paratus from a gas-holder, allowed to 
remain in contact with the cold charcoal 
for half an hour, and the pur<‘ helium is 
finally removed through a Topler pump 
and cnileeb’d in another gas-holder. 

An’itnestigauon of the relative ilegrooK 
of absorplidu of liclium, neon, iiydio.^O'ii, and nirrogen by cocoa-nut cliarooal 


! 
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‘ Ma‘]UCi-ne’s iiifllio.1, j ]>, 331. 
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at few toni|ieraturo^ hiA been made by Claude.* The results*ai’o given in 
the preceding table, where the coluifns A give* the volume in c.c. of gas ^ 
absorbed by 100 gm. of chari-tjal, while tlic coltimi' > 11 give tlni oorrospoiiding 
gas pressure in mm of mereury.'’ ^ • 

Lcduc stat(‘S that the aUsor}>tion of helium in elAreo.il fofluwH Honry'a 
law, and in this respect, therefore, it dillers fi'oin otlier g.ises.- * 

From a. consider.Uion of Claude's figures it i^ill In; evident that whde 
tl»e melho>i can give a shaip se[)ariition of luliuni from i^vdrogeu and 
nitrogen and is, eniiscipienlly, exeellent for the puritieation of helium^ 
from minerals, it can only separate fielium and ikmui if useil as a*nicthod 
of rractimiation. 

Small amounts of holiiiiu in a vacuum lulie nuiy be purilied by UdJng 
advantage of the fact that the finely di\id(‘d platinum d;'pnsited ii]>on tlio 
walls of the tube by tbi'prolonged passage of adiscliarge can absorb beliuin 
in considerable amount. ' jNitrogen, argon, etc., remain iniabsorbed, aiitj ma^ 
be pumped out of the tidie, while the helium can then be driven oift* of the 
plalimim dejiosit by beating tlie lube with a free dame.' 

•laquerod and Perrot''^’notieml tliat at a temperature of IHK) C. fussed 

quartz is peiiucable to helium and hydrogen, but not to otlier gas' s, and upon 

• • • 



this fact till*} based*/a^urfhod fordhe purification of helium.’’ Fig. 8.‘1 is a 
diagram of their apparatm* 'I'he (juarU luilb 11 is encloseil wjthm a wide 
platinum tube A into wbieh the impute beliiim, mixed with h per cent, of 
oxygen, is introduced at a pressure sligbtly*)ver I atmosphere, Tlie interior 
of.tlu) bulb liuving been (;\acuated, the A'lilml part of^lie plalinuni lube is 
heated to the projier temperatiin', and the helium wbieh difliises into the 
bulb is pmuDcd a«\ay into a i<'s»'r\oir.' 'rbe nudliod jgi slow, but is stated to 
give a very pure jiroduet. Apparently the sueee.ss of llie efjieriiuent (hqicnds 
on the seiegtion of siiitaMe saiiqde of*quartz for thf luilb, as Watson 
attempted to use tlie method for tiie |uinlieation 1)f belnifti, Imt found that 
the quartz of his apparatus woul<l not allow the passage of more^tlian traces 
of helium af the temperatures employed. 

•Properties. —Helium is a coloui less gas, and possesses neither taste nor 
odour.** * o , • 

• *L’he density of helium has been determined by many investigators; the 
more important results ar^iCabnlated below**:— 
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/ OKjt'eii. \ 

IP'cifjhl of L'onnal 

- . . -- ! -^ 

1 ) 

/ OxjKOii. X 

JFeilfhf. of Kormal 

J)eimty\ =10. J. 

Litre. 

DensUyx =10 /. 

Litre. 

•• ■2'01‘ 

0* ** 1795 gram 

< 

1 *99 

0*1775 gjain. • 

)'«79 2 

01?7 „ 

2-04« V 

0 182 

1-98’ 

' 0*177 ,, 

2 -02® 

0-18()„ „ 

1-985*. 

0-1773 „ 

2 01 ^ 

0-179 

2 -00« 

0-178.5 „ 

1 995’ 

0-1782 „ 



1-999“ 

O’l 78,56 ,, 


Theso figures agree very well, and it is probable that the last two results 
arc very close approximations to the true value. 

A study of the relation between the pressure and volume of the gjus has 
{thowu tl|at at 0° with pressures varying from 147 mm. td 8.'18 mm. of mercury 
the product pv is absolutely constant, i.e the coinpressihility coefficient is 
zero.'* Jaquerod and Schoucr give tlic compressibility coeflicient at 0“ as 
-Q’OOOhO lietweeii pressures of 400 and 800 mm. of mercury."* 

In this respect, therefore, helium behaves as it might hci expected to do 
were its critical tompiiraturc much higher than it qptually is. It may be 
noted in this conrieelion that wlieii helium and hydrogen are mixed the 
volume of the'^nixturc is greater than the sum of the original volumes. The 
pv isothermals for helium have been detorminod over wide' ranges of tempera¬ 
ture and pressure by Oiiiies.^' 

The molecular weight of helium, calculated from House’s value for the 
density according to Berthelot’s metliod of limiting ilensities (see this Vol., 
Part I., p. is 4’00. ' ^ , 

As an example of the exlremo liglitness of Ivjliiun it has been oh.scrved 
that by passing a stream of piirc cfirbon dioxide through a porous tube 
sufficient helium diljuses in from tiie atmosjihero to ho detected spectro¬ 
scopically after absorption of the earnon dioxide by caustic potash.'^ ' 
The coefficient of inci;oaso of ])ivssuro at (constant volume is perfectly 
normal,"^ and at teirijroratiires from 0“ to 100" C. has tlic vahtp 0*0036616. 
This value is independent of the original pressure."' 

It was early discovered that helium does not obey (Iraham’s of diffusion 


* Laiigli't, Comiil, iruiL, ISUf), 120 , I'il'J. - It niii'KiU.bl*; dAt the 

methods used liy hanglet tor the sepamtioii of luliiiiii fiom the oiudo clcvcilc gas could have 
given him a pure juodiict, and Um* accuracy of his figure is most likely due to a balan ing 
of errors. . , 

2 Ramsay and Travers, P. oc Uoy. H(v., 1S98, 62 , 316. ^ 

* Ramsay and Travels, Phil. Trans., 1901, 197 , 47. ^ 

* Schicrloh, c/". reference (2). ^ 

® Olzewski, Ann. /'Aysi'A", ,J90f), iiv. ], 17 , 997. 1 

® Oniie.s, Comm. Phys. Lab. Leyden, 1908, No. 108 . r 

'^.Wa'isoii, Trans. Ck' ni. Soe.., i910, 97. 

* Meuse, Bee. 'ieut. jdiysikal. Oes., 1913, 15 , .'>18. 

® hurt, Trans. Faradaij Stic , 1910, 6 19. . . 

** Jaquerod and Sclieiu.r, Mem. Soc. phys naf., 'i908, 3 ^ 

“ Onnc'i, Prne. K. Ah id tVelnisrh. Ah sterdam, ’907, 10 , '44r., 741 ; Comm. Phys. Lab. 
Leyden, 1907, No. 102. Ilolborn and S<;]uiltze Ann. Physikf 1915, fiv.l, 47 , 1089. 

'2 Rayleigh, Phil. 1901, I, 100. 

'^;Kut<l.en a vl Randall, Pros. Roy. Soc., 189.5, 59 , 00. 

Onnes/ Proc. K. Akad. ^hVetensch. Am-icrdmn, 1907, 10 , 589; Travers, Seuter, and 
J/iquerod, Proc. Roy. boc., 1902, 70 , 484. 
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oi ijasoB, 01^ pjvsses Thrmigh a porous diaphragm more slowly th*«. is expressed 
by the law.^ Domian ubsorv^ed lat^r tliat the* rale of ell'usion of holium^ 
through a small hole in a platimiui plate was slo' cr than one would expect 
from oulculations based on tluf (h'lisity, and suggested ^that tlK^anonialy i« 
probably due to the fact th;ii at ordiiiary temperature? helium,like hydrogen, 
midergoes a rise in temperature on free expansion tbrough a small orih^'e^ 
(Joulc-Tiiomsoii effect). All other known gases, witli tiie gxcepti(»nj:)f hydrogen, 
diffuse moi ‘0 rapidly tha!i is required by calculations l)ase<l on l^ie assumptions 
of the kinetic gas theory. • 

The fiol'Hbilitii of helium in water was lirst determined by l']strei4-hei,^ who 
found the following values for the ahsorpiion coetlicient ■ O'014S7 at and 
0*01404 at 50°, with a minimum at 25“. Tlie e\[)eriineiita1 pi'ocislure adopted, 
however, has siiuio been sliowu to be untrustworthy ^ Mo^'O importanco must 
bo attacbed to the vahuis olttaimsl by Antrupoff,'' who found for iiie absorp¬ 
tion coefficient tiio v^ilue 0‘01-ll at 0“, and 0 0226 at 50“, with a miniiinpj;i 
at 10“. Tlie existence of a minimum lias its counter[)art in the c;is^ *of oilier 
inert gases ( 7 .a.) and of li}dr()gen. Helium is insoluble in ali^oluto alcohol 
and benzene^ « 

The of lieliiim was first dctermiiHsl by Ihiylcigli liy measnroitiont 

of the rate of How of the gas Ibrough a eapiUaiy luiu'. ITc olltaiued *tho 
value 0 9() (air= 1). t-ater, Schult'/e repeated this delennniation, and found 
the*viscosity of helium*ut 15'' to lx* 1 0H6 limes that of air.' ^ 

Rankinc has j'ecently r(*detormine<l this conslaiil, using an apiiaratns 
which may be described here, as it is partieularly well adapted for use with 
very small amounts of gas, and llioreforo finds ap[tlication in invi sligations on 
the rare gases. It c(<isists of a tube in the form of an elongated b), one side 
of whici), A (fig. S4), iif Vi'ry line capillary tube, while tlie oilier side, B, 
tlioiigb much wider* is sutHcieiilly narrow to allow a pellet of mcn'ury, C, to 
remain intact. The driving pressuri*/equirod to force the gas^ through the 
capillary is supplied by the weight of this fiellet of mercury, d'aps l) and E 
allow the apparatus to bo cleaned, cvawual'^d, and tilh«l with f.he gas under 
examination.^ 

The results olitainod with this ap[)aratns cftnHrmed Schuli/e’s figure.® 
Therefore, taking the absubiio vidue for the vise^sity#ol air at* 15 *5 as 
l-80.‘l X 10 MUbS. links,it folloufi that the ab;^oIntc vabu'. of the 
'viscosity 0 ? helium ^t 15° is 1'958 x 10 ‘ C.H.S! !*nits, \\;Ii*eh is m fair agree- 
ment with theligure 1*909 x 10 at found experimeiiLally by Tanzler.^^ 
'I’flnzlef also found 2*;148 x 10 ^ at !)9'*(1 and 2 099 x 1^ ' at I84“-6. 
Assumingthat the change of viscosity follows a linear l.iwiof the type 

" >/ii( I + 


» Kamsay and Collie, Vros.^lioy, Soc., 13915. 60, 206; oonHiuied by Hageribach, med. 
nualcn, 1897, [lii.], 6^ 124. * 

^ Doiinan, Vhxl. 11^)0,ifv I. 49, 4*2'!. 

* Esireicher, phmikal. Cme.m., 1899, 31, 176. 

* Fox, 2'rans. Faraday Soc , 1909, 5 . 68. 

® Antropolf, Froe. Roy. Sor., 1910, A, 83, 471* 

® Ramsay, Ann. Chutt. ’Fitfs., 189ft, [vii 1, 13, y62. 

’ Schultze, Ann. Physil:, 1901, [jjv.], 6, 

* RaiikinifT’iiee.aBo//. 5o(f, 1910, A, 80. 26.6, 

" Raiikino. iMd., p. 516. Ibomm., .</<.<., .. 

Tanzler. Bfir deut pkysikal. Qes., 1906, 4, 2i!2 .S’-v xlso 1914, 

[iv.], 43 , 123o; Ormet^and Weber, /Vw. ft* Akad. IVei^x^^i'h. AmsUrdam, ^Olo, 15 , 1396, 
1899. (bile, 1M5, [iv.MS, 7i«9. 

Raiikine, Proc. Roy. Soc., 1910,^A, 8»|, 181. 
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r 1 

where 7)e and arc the values of the viscosity at 0“ respectively, f.ne 

value of the temperature coefficient /) fdr helium is 2‘32 x 10 

The thermal, coiuhivtivitt/ of a gas, according to the kinetic gas theory, is 
given by 1^' in the eipiation r 

whore ^ and are the viscosity and the specific heat^at constant volmne 
roepoctively, and t is a constant. For holiiun tlie valno of K 0" C. is 
0‘0000.‘t.‘lH6,^'from wliich it follows that /= 2*507 a value wliich is in 
'^liccordai^cc with lloltzmanu’s (levelojnnent of Maxwells theory, and therefore 



,F!o. S4, 


affords evidence 6i the molocnlar simplicity of the gas - - The thermal 
conductivity,at low pres.snri's slmus unexplained anomalif's.-^ ^ » 

The refractivity of helium was first determined by Rayleigh.'^ 

The method used consisted in passing parallel beams of light from the 
same source through sinplar tulx^s containing helium and air ‘ espee.lively. 
The pressure of gas in these tubes was varied until a point was reached ni 
which the retardation of light, as determined by do airvatiou of intorferonco 
bands, was the* same in both tAbes.'’ Thu ratio of the Lofraetivitics is then 
inversely^as the ratio of the pressures in the* tubes and, tlio refractivity of 
air b^ing knowUy.thaVbf helium may readily be calculated. 

Ilayleigh's figure was ir.iaccurato, but Ramsay and Travel's snbseipiently 


* Sjjhwarze, Ann. Physik, 1003, [iv.], ii, 303 . - ^ 

* See also Wachsniuth, 1‘hysikal. Zntsch.\ 1008, 9 , 235; and V'inklcr, Zeitsch. 

physilcU. 1908, $ 5 , 344. 

* S 6 dd^ and Berry, Proc. RoyvSoe.. 1011. -^<- 85 , 81. 

* Rayleigh*, Proc. Roy. Roc , 1896, 59 , 205 
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ro||eato(l the measuiK'niimt'^, nnd foiiiul the ivfnictivity of - 1) to l)e * 

0‘l238 times that of air. Tiiis _e:ives<for helfum ^lic value ^ ^ 

/t-1 *00(11 • / 

The al>ove iiu'tluHl or f^mie modOieation of it IfAs lieeii tisod hy other 
oVservors, tlie chiel «»f wliose results aie lahulated Vehtv, • 




Ib^nirllK InA'i i/i). 


(1)2 

VisiMcsjicetiuiii (14'-') 

. 1 OOOO'flO 


1 

'•>4;)« ... 

. ] ti000:i4(it)0 



r-79n, b7G0, (N T V ) . 

. 1 •ooeo : i 1 


(-) 

a-lO] 

l-oooo:; 1 : 0:5 


1 

4-;;V.) ,, . 

, 1 0 IlHi;!;, iijri , 


(fl)< 

(I>.) M . . 

1 ■onoii'if.oo 


It has h(H'ii 

the eiislom to express the \ 

'i'fiae(i\e index of a. i^ms 

liy an 

ecpialion of the typc«— 

• • * 

» 




(i-; 

which may he written : 

• 

• 

*. 


A 

• • 

. ‘(ii.) 


*rho values of ilm coiistaiils iu these eijuations for lieliuui afe as follous : — 
a. h A. 11 . 

(!)•' -euoM.uT.s I'-iixioJi i-ooooai?^ 7*:*xl0 "■ . 

(t)'5 -Gaya,147 


C. and i\i. (hitld)(**tsf)ii prefei* to eiii|iio 3 lui eijii.ilion of the Sellineier 
typ(‘• 

„ 

If j- 

wfiere 7]„ in the rieqiienoy i.f the free vihratieii anil r; is the frerineiiey of tliu 
lij^ht for which /j is to be caleulalcil.' • ^ 

• l'’or hcli'fim at N.T.I*, the coiislauts iu tliis e<piatiou ar^i: — * 

• (V^-2*t2r70 X 10"' : ,;^;'*-:M!)iiy7x 10*^ 

^.riu; (I/.yiC)‘.<Jo)t of helmm is e^^liemely small, as may la* seen hy the small¬ 
ness (,rf tii(-*eoiisLaut lu <’<piat ion (i.) alxive. as c.o)i)pared \vi(,h i(.? value m the 
case of hyilroi;eu or ariiim (/T x lO for hydroi^u'ii, ainl //—'yi'tx 10'^^ 
httargoii^. This is perliaffs eli'arer if we (^'vpress rela.live dispe|;smu hy the 
forjiiula-^ • 

* .• 1 /'| I'v. 


' finnisay ami Tirivt-i's, fk'oc. ‘Sm: , 1901, 67 . -Oil 
J^clioc) ,iiid Scluiiidt, Bei. th-itl. /ilii/sdal. 190?^ d *207. mt'lhad aiveri, ibid. 

1907.5.‘-^'1. . . • ■ V 

H«?nnaiin, ibid., *11. • 

* Burton, I'roc liin/. Soc , yjOS, 5t, 80 , 390? * 

^ Burton, * * 

^ C. Cuthbertyon and Metcalfe, I’roc. Hoy. i'tfc.,,190'5, A, 80 , Ul. 

" C. and !((. Cuthbertson, Proc Udii. .sV# 1910, A, 8 j* 

® C. and M. Cutlibfltson, 1910, A,*^. lb. 




Air =9-S-0 
Hydrogen = 6o'9 
Helium = 39-9 


iTie speejfie induftive axpcuitt/ of helium has been determined by the 
^Electrostatic null-method of flopkinsoii and Lebedeff, and has the ’.wluo 

K= 1-000074 

■'kt 0* and 760 ram.' According to Maxwell’s Law, K should be equal to (n„ )*, 
"where /ijd is the refractive index I'or radiations of large wave-length. Extra- 
Awdating from the values for the refractive index for light of various wave- 
lisngtha within the range of the visible spectrum, we find =1-0000375, 

‘.yhenco (p„ )"= 1-000076, 

a value which agrees well with that given above for K.^ Bouty states 
that the dielectric cohesion^ of helium at 17° is represented by the number 
18-3 (A = 38; air = 419; Hj = 205).'‘ In this connection the extraordinary 
length of tiie spark gap in helium may be mentioned. By experiments made 
Wi^ a vacuum tube of which one electrode was movable, it was found that 
nnder a certain fixed set of conditions as to potential d'fference, pressure, etc., 
following lengths of spark were obtainable in helium, and in certiiin 
Ether gases:— 


Oxygen.23-0 mm. 

Air". 330 „ 

Hydrogen. 390 „ 

Argon. . 45-6 „ 

Helium. 260-300 mm.® 


If Vu, and V,,, are the sparking potentials in helium and air respectively, 
then the ratio V,„/V,i, is found to diminish with increase of sjmrking distance 
[S) and with increase of pre sure (B), while other gases compared with air show 
u inoreoso of spar'-ing potential with increase in 3 and P. tflien V is plotted 
^ininst S, helium gives straight lin-s, while other gases give curves concave to 
;he axis of 3." The minimnn spark potential in helium .s 184 voits, and the 
^responding pressure is 2-4 mm." 

The tpecls~um of helium is complex, and was found by Bunge and P-.sehen 
^{0 contain six series of lines. These fall naturally into two groups in each 

ic -^ Hoohiiem, Ser. dcut ph;/sikat. Oea., 6, HQ. 

. ■ Dobrosoidoff, /. Rtm. Phyt, Ohm,. Soc., 1909, 41 , 1164. 

* -When a gas, at pressure p cms. of mercury, is enclosed -in a suitable insulating vessel ' 
exposed to t'ue inlluonce of a graUually increasing ercc.roatatic field of force, it is found ' 
'.Aatw Ken the strength of the^he’d reaches a certain val{}e, j/ volts }>er eta. say^ the gas , 
'AttddenlviiecoiDes a oon'^i'otor of electricity. At contAnt temperai^re it is found that if 
thiAuess of thosgas layer and the value of p are not too snMil, \ ... 

V • .1 i/sa'^bp, ■ 

and &rre constants The ooo^cient 6 is ci.'led tha d^'eleciric cohesion of gatr u.;' 
-I^isinversoly^roportional totheabsoiute temjferature. * .' ’.'C’ 

l^ty, Compt rend,, 1907, I 45 ,* 22 e'); Anp. Chm. Phja., 191', [viil], 23 , Jr;. J 

f . 4 '*'^lieandi^.Hamsay, Froc, Roy, Soc., 189.5, 59 , 257 ; ef, N’attarer/;l^i‘«f. 
iNft. p. 0 S 8 . 06 1094^ {iy.l,:x4, 111 * ' **^ *^^ 

CfenA1918, ^ 7 , 90, . 
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we have » i'yiiiCipal TSenes aftd two ISabortJinftte^jffiS 
' lowaM a common iimit.^ $ * > ‘ 

One of these groups consists of doublet series, and ’the^ doublet 
wMoh helium was discovered, is, the first in the Principal Series* It 
Jinoa of this group which ch^ractorise the solar spoctrgm'oT hoiiufb, and ;|j»3 
spectrum obtained in a vacuum tube under moderAtely low pressures. 

. The chief line of fhe Principal Single Line Sori'^s is A5016, in the green,, 
is pi’Oinin(ttit in the spectrum of helium under very low pressure.'* Oeneri^| 
all the lines of helium are visible in the spectrum under any Auditions; 
the relative intensity of the two groups characterised by l.^ and t.'018 T^y 
spectively can undergo great changes, so that the light emitted by a yaouunS*^ 
tube exhibits the following alterations as th^pressure is reduced®:— 

1. Orange yellow. 4. Green. , 

2. Bright yellow. 5. Green X-ray vacuum. , 

3. Yeliowiiii green. 6. Black vacuum. 

Lists of the series lines of the spcctnim arc given l>elow:— 


FIRST GROUP. 


Principal 

1 

Diffuse 

Sharp 

Principal 

Diffuse * 

Series. 

ScrU-s.* 

Series. 

Series. 

Series. 






X = 3888-971 


X=6«76-21\ 

\=706r.'77 


X = 2723*8 

X-3034 *52 1 

3888*76 


5875*88 / 

7065*51 


2696*5 

3434*39 / 

3187*98 1 


4471*85 1 

4713*39 

1 

2677-1 

3587*54 1 

8187*83 


4471 S6 f 

4713 17 



3587*42/ 

2945*35 


40*,>0*5‘.n 

4121*16 



3554*6 

2945*22 


4026-S* /• 

4120*^8 



3530*6 

2829 ■321 


8819*891 

. 3867-77 

1 


3512*6 , 

2829'16 


3819-7,6 f 

8867 G1 

. 


3498*7 

2764-01 


3705*29 \ 

3733*15 


$ 

3487*8 

2763*91 


3705-I6 j 

3733*01 


• 4 

^3479*2 

• 


SECOND 

GROUP. 

# 

• 

Pnncipal 

DiJ%se 

Sharp 

Principal* 

# 

Diffuse 

Series. 

• 

• Sei ifs 

Scries. 

Series. 

Seiies. 

4 

»=6016 73 

X = 6678*l 

X = 7281*8 

X = 3.364 7 


3965-68 , 

4922*08 

6047*82 

3296 9 


• .3964*84 ' 

4388*11 

4437*73 

3258*3 


1 3613*89 

• 

4148*91 

^ 4169*12 

8231*3 


3813'78 

♦ 

1 4024*14 

^ 3213*4 

4 4 

8447*7^ 

• 

« 

• 

” 3986*1 

• 

• 

# 



Sharp 

Series. 


A.* 3652-29 
8662‘16 
3599 *59 
8599'45 
8563*26 

3563'U 
3636*9 ■ 
3517*5 
8502*5 
3490*8 
3481*6 


Sharp ■ 
Series. 


X=8878'l 
8838*2. 
3808*8 •; 


> fitter. Jiin. Fhvaik. 1904. riv.l. X4. 118. 



M-v. ..— Chem. 1895, 72, i7j >V<^ 

• Jika&. Wise. Berlin, 180.?, p. 947 5 Eversheini. Zeltsch. wins. J'Xomhi 

V.^910.£.-I*8; Coilie, Prot R-y. 8 se., 1902, 71 . 25., Poi* a baud^pwtrum 
hri4Bm.‘i<*^»Qlditein, Ber. detU. 'physi^. i 

^1, H 8 . FoW, 191#, A, 208. Nichdwu, ibiif., y. 431 j ^ 
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Th/i infrji-r?d*s})C(!tnHn of helium has been investiufatOirf by Pfwschen.* ^ 

A serit^s'o'f lines observed 1^ riek^'rin^ in the speotrum of the star ^ 
''rapj>is, and ascriboil for many y<'ars to liydro'-en, Ins been shown to hoiong to 
the spoctriipi of'helium l)y Fowler, who has ylso observed now lines in this 
series; and»F<^\vler Kas^bsorved still another series in the helium spectrum, 
beginning with the well-knftwn solar ]in*o A. KiSfi , 

' Collie-' observed that i^i the presence of mercury riiickcr tube con- 
tai>iing heliRin showfd the full spectnini in the capillary portiwi? but in 
other parts of the t\ibc gave a spectrum moiiiiiod in a way which corresponded 
to the clyume |)rodueed l>v chanv'c of pressure He suggests that a helium 
mercury tiil>e containing a trace of hydrogen W()uld form a useful spectro¬ 
scopic standanl as it gives a nit/uher of bnlliaiit lines fairly evenly spaced 
througuout tlio visible speotruiud 

The Dnpph'r is the chang<‘ in wave length of light wave due to 

relative motion in the line of sight of (lie light source and the observer. 
K a scair^a! of liglit is a[>proaelmig an observi'r witli velocity v, the change 
in wave-length id.\) is given by 

dk/k- r/c 

* • 

• t 

where c tbo velocity of light, the wave-length being diminished ; and 
Wcv for a receding source, lintil IDOfi, o})servati«iis of this ellect were 
limited to astronomical woMv on spectra, hut m that^'car Stark <liseov(>*'ed 
that the Itopjdtr on’oet could be ohserved with lb(‘ sjK‘i;tra of the “positive 
rays” or “Kanalstrahlcn ” of gases,•'* Tim discovery is an important one, as 
it promises to throw con-.iderable light upon the (piestion of the origin of 
sdries in sjiectra/’ The Di>/>/>!er efn-t has been obsep’otl for certain lines 
in the speetrum of helium • , 

The light of a vaeuum tube containing ludinm^^is- (Visily atl’ected by 
electrical waves, and this fact forms the b.isis of a suggested metho<l for 
their detection ^ • 

The Zf'i-maii e.(fi‘ct^or helium has been observed by bobmanii.^ When 
the glowing gas is placed in a nugiietic Held and the liglit issuing at rigfit 
angles to the lines of forct^ examined with an eclmloii diHVaction grating, it 
is found Jhat all tl^c Imes heeoine triplets and that the fraction a/X-, whm*<\ 
X is the distancc*botweeu tlie outride liiuis of a, triplet and X is tlie mean 
wave-length, is theJffme formal! lines. Measurements in.-^lo with ti Howland* 
grating giv(‘ similar results Tim simplest development of Ijfircnt/’s theory 
of the Zeemiyi clfect leads to the anticipation that .r/X^ should hu the*same 

} I’H''chcn, J'hjpifr, 1910. fiv. j, 33 , 7J7. { 

I’lckeinig, t/.f ISlMi, 4 , 3a9 ; 1S07, S. \ F'twlci, ^ 

Astronom. Soc., 1912, 73 , 62, Naliirc, 1913, 23r<l Octohe^j p. 232 ;♦/%»?. Trans., 1914, 
A, 214 ; I'olir, Py.il Mu’/., J91 1 , Ivl], 2 ^, I, 176, S.'*?©; [vi ], 27 , 506 . 191.'), [vi.], 
30 , 394. Evans, iind., 1915, [v^J, 29 , 28 I St,iik, Bi’r. deiU. phy-tBcal. OVs-., V-s; -}, 16 , 468. 
Stark and Weiult, ..-Ijw. yViv/.vii-, V/14, [iv,], 43 , 9»3. ^ * v ^ * 

^ (i)Ilic*, lot'. Kit. * t ^ See also Everakcnn^'cc.’ci^. 

® Stark, Physikat Zeilsrh., 1905, 6 , 892; Anr. Physik, 1906,Tiv.J, 21 , 451; Stark. 
Fischer, and Kirsolibuutn. i/nf/., *191.3, (ivj], 40 , 499 ;^^2, 241. 

® For suni?nf»ty, sco Sir J .1, ThomsiUt. Jkiys of PnHiHv/^EfiirlVi,-ilii (Longmans & Co^, 
1913); for leferences to 19V5, .sec Kulclier, Jtthrl) Jlidi^.iUiv.^ K/rkirmuk., 19i3, lO, 82. 

Fif.'details, see Dorn, J’Jiysikal. Ztilsrh., 1907, 8 , 589 ; Surk, Fisc:1ier*^iiid Kirachhaum, 
loc. cil. K<y 5 h, Ann. I'hysik. 1905, [iv. ], 48 , 98. ^ 

* li«rn,^n^•/'A?/.stA-,*l905, [iy.), 16 .*784 . . 1 

” Lolmiiinnf IZish. Photochcni., 1908*o, 1 and 41 ; Physikai, Zcitsch., 1908, 9 ,145, 
w Puvvis, Prue. Camb. Phil, Aoc„'1909, ij, 45, ,* ' , 
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fo%all tlio liwes of a*sp(^-triim and the above experimental reSnlts tlnirofore 
indicate that the helium nioleeule^ Ims af ve#y siiiplc HtnuUurc. This 
concluyion receives siijiport from the fact that i,.eicu’-v vapour, which is* 
known on (piite other ^rounds^to he moiuitomiL', sliows precisely tho same 
relationship.^ ■ • * 

, Helium is diarnaLUietic.” 

' Expei'iim'nts on t;n! >>f c<ifh»<k helium and in other jjaseS 

have showf tliat witli all gases the ahsorfition incH'asef to a maoiimum with 
decreasing velocity of the rays. Jn tho ease of liydrog<‘n Uliis inaxunum 
oc(5Urs with mueli lower velr)eilies and is attained more sud ienly thj^i. ui tin? 
case of other gases, an<l helium exhiliits the peeuliar liehaviour of hvdr>geii, 
but in a much exaggerated form ■ the absolution enrvi' rises but slowly down 
to very small vcloeilies of llu; ray.s and ibeu rises very abrujitly to a 
maximum.^ » 

Numerous experiments have lieeii made to find the raiio of the hi'o speritic 
heats (at constant ]Tressiire and constant volunu'). This determi^ial^ion 'A 
important, boiaxusc from theoretieal considerations and from measurements on 
tho monatomic vapour of mereury, we believe that in any monatomic gas the 
value of the ratio (.!,,/(1,, should be rtlO?.' • 

One of the umst eouvenient melliods for deternuning* thi^ ijuantity 
depends on tlie relation! between tlu^ ratio of llie speeilic iieats (y) and tho 
veltjcity of sound in the gas. 

The velocity v of tfie prop.i'Mtioii of sound waves in an elastic medium, 
according to Newfon’s formula, is : , 


V = 


•v/ 


K 


where K is the ciK'th «ei?t of ebeftieity and d the <lensity of the medinm. 
The value of K for a g;«s is the '‘[.ulieity under adiahalie, i-ompression 
(without loss or ga.ni of heat), and is gieaUir than the uothermal elasticity, 
which is nuim'Vieally eipial to tie' jiressiii'e The ratio belwei.'ii the two 
cKstieities is Oipial to y, tie- ratio of tJufs|H'^ilic lirals. 

If, therefore, in tiie gas iiieler iii\esliL;alioii,^A. is the w.ave liaigtli of a 
^oiind of frequency ■«, and if the isothermal elasfieiiy is j> and its density 
d, we have 




wlioro D is"the donsity of the g.is under unit oreNoin'. WritTug Xj and l)j 
ffii’ the eoiTcsponding (jii.uitite'S m aimtlier -as for which tlie \a,lue of yj is 
l^nown, tfie ,'yave'Ien;;tli Aj of a note of the same freyuuiicy y, will, lie givenJ'ly 




whence 

* • 


y xn 
• '' ' ' 


As tho ratio is iiKlepen^cnt of liie jiressuil', wc- not requir# to know 
the tictual pressures and densities of the gasi's in the twb <'ases, an5 any 
variation of temperature cun bu^dloued hr in 1he\;4m‘s of Hand I)', though 


^ Gray and SUaViUt, Pi'oc^ Jtoij. ItiiJi?, 72, IS; <'J- Aac/i), K. 'Jcs. Wins, 

(ToUingen^ .f. 1\. * * 

* Tanzlcr, .'luv. Phiixif, ltt 07 , [iv |, 24. !>;n. 

* Kobinsot, Pkifsihil. 

■* Sec this A'ol., Pari L, p ^7. ^ 
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it is gsual, tol ihc sake of simplicity, to aAopt % sj^me temperature, in 
each case. ' * •: * # 

r Air, for which y-- 1*408, is used as the standard gas, and the doternima- 
tion of y f<)r ally other gas thus resolves itself into a comparison of the 
wavc-lengtks ;)f tho s<yno sound in air and in the gas. This is usually 
ac^'omplished by a method <lue to Kundt * 

» The particular form of, apparatus used by Ramsayj Collie, and Travers 
{viyie ivfra) #8 indicated in fig. 85. ^ 

A long tube T, which may be of narrow bore (2 mm.) is closed atone 
tmd, and^through tliis end is sealed a glass rod U, half of wliich is inside and 
half outside the tube. Some lycopodium powdtT is distributed along the 
tube, dry air is introduced, and ^be rod R is set into longitudinal vibration 
by rub'’oing it with a rag wet with alcohol. By moving the clip C on the 



Fie. 85. 


thirfv'Walled rubber tufting fitted to tlic open end of T, the length can be 
adjusted till it? resounds to tlie noti*. The stationary waves llius set up in 
the tube by iutcrferenco betwc'im the waves incident u^ioii and rcHeetcd from 
the ends of thij tube are made evident by the disposition of the lycopodfuin 
which is swept away from the points of greatest movenuint and licapcd up 
at the'nodes. Tlio distance between adjacent nodes—the lialf wave-length— 
is^ determined by direct measurement. The tube is next evacuated and 
filled with the gas under examination and tlie measur'^ment of wave-length 
repeated. , i • 

Owing to the lightness of helium it is extrepicly difficult to get good 
dust figures, *and thus Ramsay at tir^t found for y tlio high value 1*8.^ 
Subsequently it was found that iu the particular apparatus used, 

for air, A/2*— 19*C0 mm. • 

while for helium « A/2 =101*5 „ 

Whenco„for hcliun^. • y= 1*052 „ , 

This' figure has l^cn confiv^ned l)y other observers.*'^ c • , 

Schecl and llcu?e have (tetermined the specific heat of helium at constant 
pressure and, the ratio of the specific heats at 18* and -180“ with 
following re.sults:— 

, C„atJ8“ . . at -180“ . . 

yatlH“ . r TOGO; at - 180* . . ‘ 

while Eggert^/ound C,,#to be ^practically incU'ptmdcnt of the tomperdture 
between - 15* and 150" C.^ apd equal to 5 005. , * *■' 

Liquefaction of^Helfuni.—The failure* of nm^ny attempts to liquefy 

, ■* Kanisay, Proc. Jiot/. >^or., 18&r>, * • * i. i 

2 ‘)-=sl'652, Ulinisay, (’ojjli*’, •and Travers^ Trans. C^ievi. Ho>\, 1895, 67 , 696; y = l*63, 
liehn ay,d Geiger, Ber. deut. phystkal. Ges., 1907| 5> 7=<1’67, Livjgh't, Zcitsch. oMOig. 

(7Am.,1896, 10, 289. ♦ 

• SiheeFyid ^cuse, SUzung'iher. K. Akad. fPiss. Berlin, 1913, p. 44. « 

* E^erf, Physik, 1914, Hiv.], 44,^64$., • , 
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heyum suggested y:.8 critrcal temperature must be Teryiow,- auj from 
the behavioflr of tho gag in a vacuum tube c«>ncj^te(l with a chilrCoal absorp¬ 
tion tube Dewar concluded tiuit its boilingpoint was not higher than# 
6“ absolute.^ ^ ^ ^ 

Tlie actual liquefaction of helium was preceded l/^*a §tuiy of the 
isothermals down to tlie Utm])eralur6 of lujuid*hy(frogcn,^ fn'iii which, 
appeared pvoha!)lo tiiat at low temiKTatures the .value of K foi Llie Joule* 
Thomson ^‘llect (cf. p. ^2) wouhl change sign, ami at the iemperaDvi’-' 
of solid hydrogen tho expansion of helium from a eoiisi(h'iable pressure would 
cause a lowering of temperature sulhcieiit to make a self intensive cooling* 
process successful. That this weidd he so had Vh'oii predicted by Dewar ^ 
Oniies prepared his helium from inona/i(^ sand and j.urified it by Dewar's 
method of fractionation from cold charcoal. The gas was eireulatod through 
an apparatus in which it was cooled first to tin* teni])erainre of liquid air, 
then to 15° absolute by means of liquiil liwlrogen boiling under GO mni. 
pressure, and linally*passed tbioiigh a specially construetod li(|ueli|“v «of th* 
Ilanqisoii ty})e. Tims GO c.c. of liipiid was obtained in 3 hours from 
300 iiti'i's of gas.^ 

Liipiid helium is a colourless, very mobile liipiid,, Its density is 0'154, 
and it is thfts much lighter than any other known stJid or Ihiqid . j,t is sta.ted 
to have a point of maximum density at about 2' absolute '' 'I'lie ratio of the 
densities of lajuid helium and its vapour at the hoilmg-point is 11 : 1. 
Oaloulating from the ilensity by the funnnla of Lorent/. ai«d l.oreuz, tho 
refractive index is^foiind to he 1'0'i' lly an ingenious device it was» made 
possible to have a dear view of the liquid that collected in the vaciium- 
jaekelcd tube of the liquefier, and it was oliserved that the meniscus was 

sharply visible and s?i-aight: this imlicatcs that the suifai-e tension is very 

small. The boiling-pi^n^ is ahontt 4'3^ ahselute, th(‘ critical temperature is 
5'25“ absolute,''and the cri4ical piessiire is 2’2G atmos^ihcres. The calculated 
critical volume is'00271. • ^ 

The following table shows the vapour pressure of liquid helium at 
temperatures below its critical tcnipiu^aliiild:— 

Absolute temperature . 4'28 4*97 G’lt) Ji lh .5 22 5'25 

Vapour pressure, mm. . 767 1329 1520 15Gr/**lGG8 i*718 

• • 

Solid helium has not yet been obtained : dibris to pr<»luce it by cva[X)ra- 
tiog of the liqind under reduced jiressurc hav(‘ failed, although a temperature 
in thifncij^ihourhood of 2'5'^ ah.soluto has iicen readied.'' It scrims probable 
t^at the triple-point pressure of helium is hdow 10 mm. of i«erciiry. 



‘ See, c.(/., 01 ?.evfrki, ISOO, [ni.], 59, 184; BnU. Accul. .‘'Vt Cnicow, 

1905, p. 407 ; Atm. I'htisik, J, 17 , lUU « A‘i^. C/mu^ [vin.], 8 , 189 ; 

Dewar, 7V/.C Chem 5*:., 1898. 63, 538 , Oiiin’s, h'oc K^Aknd Welevsvh. Amderdam, 
f908, 10 , 744 ; TmvciH, SoiiOr, ?lnd,Ia(pieiiK], I'mh 'I'rtfnt, 1903, A, 200 , 131. 

^ Dewar, Compf. rAa/., Vifl 4 , 139, 4 ‘Jl. •* ^ 

* Oi)ii?a, (fottim. I'hys. Lah. Lfyden, 1907, N". i 02 . * 

* Dewar, Pro/:. Hoy. .Vcc., 1901,300. (y.Oimcs, Nah^-e, IOO 8 , 77 , 581. 

• ® Onnes, Proc. K. Alad. ^Petc7isch. iinsindivi, 1901^ 11 , I 08 ; rend., 1908, 

147 , 421 . • * * • 

® Onnes, CwJk. f'hya. Lwi. Leiidcix, N»>. 119. 

" Hudorf, Phi^. May., 1909, [vi.], 17 , 79.'<. 

* Onne^ froc, K. Akad. Wetf^sch. ^luistudem, 1911^ 14 , 07?. 

® O 1 UIC 8 , Proe, K.^kad. Welcmch. Ajmferdani, 1909, 12, 176. 

V - * 
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Tii*iuid hoJtiim has been used avS a refrigerating sgout in tlio prosecution 
of low tom[K‘nitm'o rescarchiut ftcyden j ^ 

^ Chemical Inertness.- Cheinists generally accept tlie view that helium 
and the othei; nieinbevs of the group arc iucy-pabio of entering into chemical 
combinatic^i, but U*ntLv ser\e a purpose to collect in this place the evidence 
for an<l against this beiK'f.'' * , 

' Firstly, it is of interejst to know in what state {I'-'h'im c-xists in the 
minerals wI-rcIi conta'In it, and s(',v<u*al invcstig:itors have, at di!le#ent times, 
directed thcii^eflortH to the solution of this problem. At an early date it 
**Vas sho^n“ that when fergusonito is lieated to fiOO^-bOO" ('. it suddenly 
boeomes incandescent and evolves a considerable amount of gas, which 
consists, as the following analysis shows, chielly of helium 



j Volume of 

1 (•.!■ pn (iiiim. 

i 

reiri'iifoife if 

Toti4 lla''. 

Helium 

1 oso 

7r.T. iMiceiil 

1 Hyinigeii , 
j (’.II toil dl'-M'le 

0 07 s 

r.-17 1 

O-Jlf. 

17-M „ * 

1 Nl'..n>gcu 

. 1 0 027 1 

1 ' 
1 j 

1 S8 ,, 1 

♦ 

Total . 

. 1 1-l'iii 

■ ‘lO-SiO I>ei lent 1 


— - 

-- -fT' ' ‘ 


The weight of licliimi evolvi-d is per emit, of the weigiit of the 

irfiiieral. 

Fergiisonite is a niobat(‘ of yttriuin containing soi,nc nraniiini; it occurs 
in felspar and mi(%a dopo^its, but it is doul/Lful wliet iiei* it is of igneous origin 
or is deposited by water, it is inacio crystalline,'l)ut undiT the microscope 
shows no trac(! of crystalline stnu'Jurc,'and appears to be Imniogeneous and 
free from cavities. I>y beating the innu'ral with a liyflrogcn tlamc burning 
in oxygen in a specially constructed caloriincUa*, it has la'cn shown tltat the 
heat evolved dnrnig llic cliyngo is ^09 cal. per grain ; inoreovi'r, tlic evolution 
of helium is aceompan* *<1 by an iiicreaso of volume (a dei;reasc might, con-, 
coivably, account tor part of the Jicating). A smiilar liberation of helium 
with evolution of li^lU and jie,at has been noticiMl in the'easu of {{sample of. 
fluor-spar containing tlnorides of cerium and yltriuni.^ 

Travers lyis ptiinted out, however, that many minerals wliicli rontaui' no 
helium exhibit a similar incaudeseencc on heating/ and this fact rather 
discounts the significance of the foregoing ohservations. „ * 

' Another fact wliieli ijuglit be considered to point to the (xii^tcnco of, 
compounds of liclium in minerals is that the gas is conijilcti'ly* ('liminiftcd^ 
from samarskity liy healjiig in carbpn dioxide,Pnly pjiitially by heating 
in hydrog(m. A similar plM'iiomenon has been ohserved'in the U’'*.a'ation of 
nitrogen/rom cortaiii nitrides, and KolilscliuU* r'' su'ggest^ that (bis maybe 
due to the rodnet’on/jy (be liydrogea of the higher'oxides which-r thet^wisc 


•' o 

* SocOiiiif^, CTchi. 34,M:>73.,j 

- Tildci), I'roc. Roil. Vnc., 1897, 62 , \ 

^ Julius ZfUai'h. phnaiUd. Chem.^ 1898, 25 . ll‘J. 
Travers, Kahir^ i:48i 

^ ® Itoklbchuttpr, Anv'iUn^ a 99F 3i7> 



tho.cixjrgeii i^^uired'to expel tbo helitim w nitrogeii Its* 
tsompStinds.’*^ • , ' ■ 

>'1: Mwe definite conclusions may be deduced from expcrimente ia ’Whibfi * 
^itcb'filende was ground in vacno? Helium was thus libera{e4 in antounts 
eAdoh were approximately a constant proportion (M to l*2'per*oeftt.) of'’'tb», 
totol amounts that could be Obtained by heating tlse mineral with potas^m 
hy'drogen sulphate. ■ j ,* 

K slightly different method of attacking this probltm was followedvby 
G^y,® who powdered thoriauite in an agate mortar, sorted ethe resulting, 
powder into various grades of fineness by olutriatioii with water, dfied the* 
resulting fractions, and dotormined the amount of helium which was libeiat^ • 
from each on heating with nitric acid in anwexhausted tube. By comparing'' 
these amounts with the total amount of helium evolved when the unground' 
'material was subjected to similar treatment with acid, ft was possible to, ‘ 
ascertain the proportion of the total helium which had been liberated by., 
grinding to a degree bf fineness which was determined in each case hy fnicrob 
scopic examination of the powder. It appears that very little gas is liberated- 
until the particles have a diameter as sm-all as 10 p; from this point the ' 
proportion of helium liberated increases with the fineness of the powder fiptil 
a temporarjc lijnjt is reached with particles of an average diamehir of 3"/i, 
from which about pijr cent, of the total helium has been given off. 

Both these sets of exporimeuts lead to the conclusion that the helium is 
oonfiiinod in a structure («.y. of cavities) which, though iuvisfcle under the 
microscope, is large compared with the molecular structure. • 

A similar conclusiou is reached as the result of experimeuts upon the 
liberation of helium from monazite and thoriauite by prolonged heating at 
various temperatures ffom ri00'-1200°.* With the latter mineral there, was 
a. practical limit to the*>v91ution oWielium at any given tcniperaUire. The 
following are typical results^— • 


0-7 per cent, of helium content lihefuted in 5 hours at 300’ 
8'5 per cent. „ „ , ,„ 80* „ ,, fiOO’ 

’ 62'3 per cent. „ „ ,, 320 ,, ,, 7.50* 

100-0 per cent. „ „ „ • 30 „ „ 1000’. 


It seems prohahlo, therefore, that In Idiurianitc, while a'smnll prejportion ( 
af the hellbm may*be dift'usod thro\ighout tlfc«mincrin*-possibly in solid 
solution—the greater part of it is concentrated in minute cavities. If thW, 
is tile siase,>the pressure of tlie gas in the cavities is certainlj»very great:, 
something of the order of 200 atmospheres at 0° C.“ • ‘ * f’ 

•It is stated tliat considerable amounts of helium are absorbed by Hje'. 
fiaely divided platinum produced liy the so-called “•electrical v.aporisation?* '! 
- ^ y.ne platfhum silectrod^ of a vacuum tuhe,^ and also by magnesium*? 
■' electrodes in vacuum tubes, bjit it seems^rojjablc tl»at this absorption, in 'eS>') 


^'Of. KohlschiittiT a#id V^gdt, Ber.^ 1906, 38 ,1419. 

* j|o88*oa* Trans. Hay. Dull. Soi\, 1904, [ii.], 8. ] 

* * Gray* Broc. Boy. Soc., 1909, A, 8^ 301. ^ 

■ **.OrwiiWood, Aoc. ItotJ. 890^ 1910, A, 84, 70.» 

Travera, Nalxire, 1905. 288. • 

■' ' • fot & discu^on^of tln»*phenomenoi8 sep Koiilschutter and Goldscbmidl^ 

and Ha4ioel, p, 866 ^ 


' ^Mrochem., 1808, 14, 221 and 677 ; Fisch 
-■ ibid., 1909, 15 . 816.. 

"J; ’ JBopi Soc., 1897, 00 , 449. 



*biiorptU)n' Was awifeurad jilUwy by 

'yrhioh.has ba^n'sho^^n to be unreKafele in the .ease of. the iti^rt 
;tnaeh'imiiortihico must not be attached to these results.' . 

. [ The uost exht,n!j(,ivo scries of attempts to bring about the combiOT 
,af, helium with various olemonts and compounds was made by I 
Oollia.* A measured an^punt of helium was circulated over the s 
» bright-red heat; Jren the whole apparatus was allowed to cool - the resid'aft 
helium pumped off and measured, and finally the reagent was roheated,' ji^'!! 
;any g^ evolved pumped off and examined. Tho following is a list of’iSik?' 
reagents used;— . '•■■.f'Y' 



'Sodium (distilled in the gas). 

. Silicon. 

Glucinum. 

?mc I (both distilled in tho 
■Cadmium f gas). 

Boron. 

/ Ytjirium oxide and magnesium. 
Thallium.. 

Titanimn oxide and magne.sinm. 
Thorium oxide and magnesium. 

^e^ } (^‘'l'*^™i**bed at red heat). 


the gas 

Antimony I , v j\ 

Bismuth I 
Sulphur. 

Selenium. 

Uranium oxkle and magnesium. 
Metallic cobalt. 

Platinum black (no occlusion). 
Soda lime an^l potassiinn nitrate,. 
Soda lime atjd sulpbur. 


No change in the volume of the helium was observed in any of the: 
fixperimeuts, and the reagent in each case appeared to he unattuoked. 

From experiments that have been piade during the isolation of helium it' 
is certain that it docs not combine with oxyy^on, nitrogen, hydrogen, otc., 
?ftnd it has been proved that even* at high temperatures it does nofpass\ 
through iron or platinum and c^imot, therefore, form any compound or solid-‘f 
solution with these elements.^ * Fuither, helium has no measurable solubility:: 
jin solid or liquid copper, silver, gold, nickel, ii^on, palladium, aluminiiipai 
. iba^nesinm, uranium, of tantalum.^ 

Oire possibility tfiat ren)ains is that an endothermic compound of heliumi.;' 
might be obtainc/1 by the action of tho silent electric discharge. Bertheloi : 
'^ted that when-helium v/a's thus treated in presence di benzene and mferoUijr, ^ 
ft' ^reen glow was seen, whicli gave the spectrum of mercury, and a ; 
proportion Of the gas was absorbed (68 per cent, in 210 hours) wich piodudtiOD ' 
.-of a. resinous* solid. This solid, when heated, gave off a gas wbioh, wbe|t’' 
^purified from carbon monoxide, etc-, showed exactly the same behaviourl-ftSf 
^.the original gas when ^braitted to the discharge with benzeuS and 
. Ji^reover, the residual gas from the first experi»;fnt could be made to undeii;^.' 
■"l^riher contiaction b)»the‘action «of the discharge*in presence of fresh benjwr^ 
ft^idmercury.^ *^ '0 , ^ ^ 

■ .vT'fcfese results am so startling that one fb natufallytdiBinclined to a^egtj 


-/'* See Arg<4U, p. 343. - 

4.-^ Samaay anaCoUiei>Proc. Aoy. iibC.,'J8d6, 60, 53. 

,/^”*iUmB6y and Travers, i’m. A/y. iVe., 1®7, 61, 267 ic/., however, Piatti,l«'!$ 
t 8^*13; it is there stated tha4; certain minerals can absorb helium. • ' - 

,v' Berber, 1912, 45 ,<2676. ■ ' , 

■ ,I^tiWot> Ompt, rtnd,, 1896, tao, i8t, 660, 1816} 1897, 



and .utw „««• ^uwm- ’^wiiiww^^k 

Kamsa^ M Oollie,^^ m^iturbs 

vapour ana witii chlorine to the action of the silent elecj-ri(^l 
^owrs, but could in no case detect any alteration in 

other sign of chemical combination. , SMutt al 80 %a« found'-^ 
helium is not absorbed* when subjected to the silent disohareo 
or carbon bisulphide.^ • 3 

Ji\^:^here ai^pears, therefore, to be good ground for th^ statcmAU that-%v 
. ^Wofhermic compound of helium exists, and that ncitlier higli toniperatur^ ’ 
.the silent discharge are capable of causing the formation of en{u^liei^i(j^ 
''^;;pbBttTOunds of the element. ' rf/, 

'Atomic ^Ai^eight.—As helium does not4>rm any definite compound, the/' 
. equivalent referred to hydrogen or oxygen cannot bo determined—inde^, it'■ 
.vOanrwtbe said to have an ecjuivalent. We arc thus reibfbed toother anii-, 
, less-satisfactory methods for the determination of its atomic weight. 

■ " 4 the trutft of Avogadro’s hypotliesis, it follows from dotern#nittionl 8 * 

the density {supra, [k 308) that the molecular weight of helium is 4‘002<'' 

■ V® the ratio of the specific heats is 1 ‘ 66 , it is probable that th^ 

■g^mic weight is identical with the molecular weight. • * , 

^ condlusion is based {a) on reasoning from the assuini^ttiofciB of t he - 

■ kinetic theory of gases, f^om whicli it appears that the highest possible ratio 
, bf,the specific heats—which one would expect to find in cases of the greatest 
..molecularsirnplicity—is about 1-60, and {b) on the fact that fliic vapour of' 
■dnercury, known off other grounds to be monatomic {e.</. from the vapour 

density), has the ratio of the specific heats, I-fiO.-' * 

Cv 

Confirmatory evidencp of molecular simplicity is to be found in the natute 

■ of the positive rays in hoJiu^i (p. 29fr), the Zeeman ortect in helium (p. 314),' 
the relative ranges of the a-ri^s of a radio-element in heiinin and efther gases,"* 
the agreement between the observed atid cj^lculated rates of production of 
.helium from radium,-’ and in the thermal conductivity outlie gas (p. 310). 

^yhe view tliat the atomic weight is* approximately t receives further 
^support from the which helium then falls into jilueo with tlie otjier 
. of its group in the periodic classification v»f the elements fseo 

Part I. Chap. VIII.). , *• . A 

DctectiiJn.—ThovsimpIest method for the doj^ection^r^f beiiiiin consista ^ 
ip introducing the gas into a vacuum tube connected with a side tube oc®-’ . 
tolQing pharqoab cooled in liquid air; all heavier gases are thus absorb^ji-v 
this way it was found possible to detect the helium,and neon 
90. of am.® This method has also been used for the detection of hAl hu^ 
iputolnerals/ • * , • 

___ __ ^ __ 

- 2 StriittvT’rc^ Ro>/. A, 87 , 38lX.‘J-A' 
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iE. P.-Adama, Phys. 1 « 07 , 24 , 109; Taylor, AiM. J/'W., 1913, fvi.l, 

Reports, 1904, 4 . ^18 ; 1913, 10 , 279. •* • *• 

Geiger, Proc. Roy. Sue., 1908, A, 81 , 162 j .Soddy, ^4* a, Repnris, 
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iHAl'TEll III. 


NEON (Ne). 

Histoiy. —It has already been stated that after argon and helium had 
been discovered, tiiere was some controversy as to their position th the 
penodic classification of the elements, and that the discoverers ultimately 
•(^me to the conclusion that these gases must be placed by themselves In a 
new grotip. Helium tlien occupied the same horizontal position in the new 
group as lithium in Clroup L, while argon came next to potassium (see Part I., , 
p. 274). A^ap was thus left for an clement which yould occupy a position ini 
Group 0 between argon and helium, and would have an atomic weight two > 
or tiiree units less than that of sodium.^ 

In the hope of discovering this gas llamsay and Travers made a careful 
examination of 18 litres of argon, obtained from air in the usual manner. 
The gas was licpiefied in a l>ewar tube cooled .in* liquid air boiling under - 
reduced pressure, and 25 c.c. of clear liquid were obtained; the temperature 
Was then allowed to rise gradually ^nd the gas that boiled off was collected 
in fractions. o . 


The first fractions had a density of 14'7 (approx.), which approached that • 
aoHcipated for the element between helium and argon; moreover;-the 
spectrum of this gas Was new and contained in particular a yellow line.',' 
(X 5ff52‘65) d.i&tinct from those of- sodium, helium, and krypton.- 
colojir of tlie light from the vacuum tube varied from fiery red to brilliaDt-^ 
orange as the p^'cssure fell, and the gas was absorbed by tiie aluminipin^; 
electrodes. - 

When 'the first fraction was again cooled with liquid air it was foutid tbat-| 
. a large proportion did not liquefy; this gas had a density of 9‘65, butwasj 
wi^h a certain ])ropf)rtion of helium and argon, Tho.se impuritieefwer^ 
amoved by fractionally distilling a liquefied mixture of the o.igipal 
a suitable proportion of oxygen; the middle fraction w:)ts freed frora*oiyg^fi 
^ by passage tiver red-liot copper and then had % density of lO'l. • vS 

The new gas was'characterised by a spectnirfi distinct from that fM 
’'^Uufci or argon (^r\k infrajj and >vas named neon (froij) the (Jroek viovy ifewV 
‘'"/’;^,Toward the end of the fractionation of the original 8upply“of.bquid-,a^Qm 
a,solid au))8tance wasi obtained Vhich distilled very slowly and could theweiF^' 
obtain^ in a s^tatd of considerable purity. This substance was-, 

V; supposed to bo another new element/ and'received thp ng,me “ 

j^ ^ 

^ EaiuBayand Travcrff,^of. Roy. «Soc., 1898, $2,<316.0 ■- 
8 Bainsay Travw, Rroc,Roy. /S^o., 1898yi$3/ 487. 

-«us - •' liA.- 


l^ftr thems^lvW' 

to itB “discover^f^'i^’as pr^baMy due to drgbn pouWtpl^ 
•^^^aJlamount*of some volatile carbon compound.^ Neon was uotobtetned. 

the pure state until llilO by Watson, and for this reasoti lesd lis 
of the properties of ne^i than of ^the otiier gases.o * * • * - 

'' ■ :'§ir. J. J. Thomson, by his positive-ray inotliod, has kIk.wu tijut atmoSphc^lh,, 

: aeon contains two kiiidi of atoms; one of mass :iO,*the o^’dinary neon atoQ'/^ 

Jr thd,other of lass 22 wliieh could not bo attril)iite<l to any known elemoQtt' 
'To this latter substance the name metaneon has been given. Attempts havfi' 
.been mtwie, without success, to separate m'oii and luelauoon by r<fpeat(Kl^. 
^fractionation over cooled charcoal, but by a aeries of fractional diffualoria - 
' Aston has obtained a gas having a density greifter than tluit of ordinary n^on.® 
On the other hand, Jjeduo, who has had considerable experience in fractional 
, ting atraospherio neon from the same source as Aston’s, considers it possible 
that-tho increase in density is d\ie to the concentration of a trace of nitrogen^j 
. in the end fractions.^ •' * ~ 

■ Occurrence. — Hitherto neon has been obtained only from the ' 
'Atmosphere. It is ditlicult to make an accurate det<!rmination of the amoj^nt 
present, hut ^he most reliable estimate is probably tlfat of Watson,^ wl#o 
found one volume of neon in 55,000 volumes of air.-' Direct evidAicoHms beeft 
.(obtained of the presence ef neon up to considerable altitudes.^ 

Ngon has also been detected in the gases from 22 tliermal springs,^ and 
doubtless occurs to a small extent with argon in the nitrogen pfesent in the 
dissolved gases of water, in fire-damp, etc. * 

. - Collie and Patterson, working independently, have obtained evidence^ 
which points to the formation of neon and possibly traces of helium by the 
passage of an electrical (fiscl^arge in hydrogen at low pressure. The general 
method of experiment eoifsisted in introducing pure hydrogen into a vacuum 
tube having aluminium electrodes, passing a discharge for several hours, 
removing the hydrogen from tlie tube aiid%exploding with excess of pure 
oxygen, and, finally, removing the oxygen by means of eooled cliarcoal, and 
exanhuing the residual gas spectroscopically. *in certain oases an electrode- 
less discharge was passed, anil some of the tubes tiscd were double-walled , 
both with and without electrodes. • * ^ . 

After further experiments made in collaboration, Collie and Pattersoq oou- 
chjd© that (l^neon carjiiot be obtained from eithw ^lass or^lnmininra suO.h 
as that used for the tubes and eIectrodo.s by simple heating; (2) glass is not 
permehbW to ordinary neon and helium, either when heated nearl^'*to soften-' 
mg or when subject to the action of catliode rays; (3) the hydrogen 
o^gln used in the experiments contained no neon. Nevertheless, thej" 
bbWned sp^ctlbscopic evidence of the presence of neen in the residual ga$* 
oWiiled in their ijxppriments^ Masson has obtained similar results.® 

*'■ See Ramsay and Travys, Gm.pt.*rend., 1898, 126 , #762 ; ^(r ., 1898, 31 , 3111; Proei'\ 
1899,’u4, 185. . * • 

• * Aston, yature, 1913 .- 92 , ; cf. f’/w. Koy. Soc.^ 1914, A, 89 * 439 . * 

iAduOj «nd., 1914,* 158 , 864. ^ Watemi, 2 Van 5 . CAm. iS«^, 1910, 97,_9l0a ' 

® Claude, Cimpt, rend., 1^08, 147 , 624; J^'^las onei Jouplain, Gom^, 

‘'1^147, 591 . • « • • • • »• - 

, TWWyenadeBort, Compi. 1^08, 147 , ^9. • . 

" -i ? and BiqpariL 1908,143, 180 ; 1908, 140 ; 435. .4 

■f • 4^llo‘aiid Patterson," I'rans. Chvm. Soc., 1913, 103 , 419 ; Proc. Chenu Soe.^ ^913, 

iUeUfip, 233; Collie, PattersoQ^ and ^oy. iSc)o.«19MlA.AIi,: v 

.SO t.mlHa; Eu aiOl# A. on fifii. 




.. Attoptt tniye, theste" 

ipparafcys ehabl^ him to detect with fefiuCithe neoct in 
his method of’experiment the gases were manipulated entirely 
glass ^p^ratus., ^Negative results have abo been obtained by M^toC w 
Egerton. ' , # - ! 

Before the minute quantities of helium and neon observed by < 
Patterson,,and Ma-sson can bo regarded as of real signiBcance, it is desirlibw.^^,^ 
tbat these investigators shall formulate the precise conditions^ander whiph^^ 
positive results may he anticipated, and afford an explanation for tho negfttl^^ 
results'that others have obtained. Certain experiments by J. J. Thomldfjft:^ 
Jiave been cited in favour of the reality of the transmutations, but he 
‘Statec:® “I have never, however, been able to get any evidence, that'Xi 
regard as at all cr>uclusivc, that the atom of one element could by such 
be changed into an atom of a different kind.” ** ;•:> 

Isolation. —(1) The earlier methods used for the isolation of pure neon ^ 
all depe*lided on tiie fractional distillation of liquefied mixtures of neon, argoo^' 
•trypten, and xenon. That originally used by Ramsay and Travers hasbeeh; 
outlined above. 

(2) Anotlier method used by tlicse investigators was to take the gW 
,te 96 aping'’from the llampson liqueiier {whicli consists chiefly of nitrogen^ 
together with all the more volatile constituents of‘air) and return it to the 
intake of tlu^ compression pump. It was thus agah partially liquefied^ aM- 
- deprived of a further proportion of its less volatile constituents, and a gas 
•^$,8 ultimately obtained comparatively rich in helium and neon. This colp-' 
yjentration of the lighter gases could also be brought about by liquefying the 
V.whole of the gas escaping from the air Uquefior and blowing a current of ffir 
■ .-through the liquid; the portion that fit;st evaporated contained most of tha 
■ helium and. neon present. 

- Tho enriclied gas was next freed from oxygen and nitrogen by the usual 
•• chemical methods, and the residue was again liquefied and fractionated.to 
temove argon. Firi<vlly, neon was separated from helium by cooling the 
, ‘ihixture to tho temperature of liquid hydrogen and pumping off the 'sUH 
sous helium from the^olid neon.-' 

(Zy A simplei' method for separating neon from the mixture of inert gaees 
1 from air, depends on the use of cooled charcoal in, the mahndj 
by l)ow 8 r (see p.'306). It is found that iSvhen the mixture--'ll 
'W, brought in contact with charcoal cooled to about - 100“ C., the argon, krypteu, ' 
completely absorbed, while the greater part of tli.’o helium 
-neioil can be pumped away in the gaseous state. The neon can then- 
jj.^lteparatedjrom helium by bringing the gas in contact .with chaiuoal-cK&lep'- 
''*v*".tb-the temperature of hquid air (-180“ to -190“ C.); the ilfeor. 

^Si*,^^rbed, while all the helium with a little of t*;he neon'-can b’e pumpSl^£ 
the charcoal is ‘allowed to-warm up to the ordinary temperature, 
is evolved in a fairly pure state/ - ' 1 ’ 

tho gas retained in the first lot of'*charcoal, k'^ypton and xeopa 
/rp'-a n S4.7V <■ Vj.> ^ •>'^.'=^> 1 ! 


, ^ .ibtained (sc'ep. 347), 

w-W '^4) JTb^ most convenient mtood of obtaining,nOon-from the air is | 

’,»;itratt, JVee. R^ySoc., 1914, A, 8 ^, 499; Merton, {M., 1914, A, 90 ,'M 9 


A, 91,180. . , . 

Thomson, Ijnlm, 1918, 99 , 646 ; Tie Somatut Z«(sr«,.19T4i n..,18.:'*,.^ j ■(»’ 
s,..,. - ' Twvers, Prat. Km- Sac., 1901,67, '829 ; PewM. sMst. lte'a-jgfeS* 


and Schmidt, K, Akad, JViss/ 
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.^;' 3ffo upp^' pjtft orftw,app^Murcdpsl8« '6far«jti^^ ii)& _ . 
m eoiiistructioti to that of C(iffey^8 still»the pressure eJ g^^ia 
the liqiiid iu the reservoir A is forced up the tube t. and delivered lu'tix .ihK;; 
coluinp at a point a little below the top, wfcile the liquid in E is siinlli^y£ 
forced to tne'top 0 / tho column through the tube 
f. [ The oxygon in 0 is at its boiling-point under atmo^plieric pressure,, 
t|ie highest temperiiture Is found in this liquid and at the bottom of the 

• ratifying colpmn. On the other hand, the liquid in E when suddenly placed 
under atmospheric pressure at the top of the column, boils rapidly, losing the 
jreater part of its nitrogen and producing the lowest temperature found ipl 
any part of the apparatus. As the liquid passes down the column it becomeg, 
gteadily warmer, and meets a current of gas which becomes steadily cooler • 
as it ascends. The net result of these heat interchanges is that practically; 
all the oxygen in the ascending gas is liquefied and drops back into C, while 
^Ith^ nitrogen in the descending liquid is distilled off^.and passes out into 
the atmosphere at F. 

This description of the apparatus and its working is necessary in ord^ 
to make clear the nature of the modification by which the helium and neoa' 
present in the nir cari be obtained. It will be evident that, aa these gases 
httVe extretaely low boiling-points, they will remain as gas in the space above 
the liquid in PI A narrow tube X is therefore provided, by which these 
u'noondensed gases are led up to the top of the column, where they 'pass 

• through the spirals Y, situated at the point where the temperature is lowest 
- (v^ supra). Here a great part of the residual nitrogen is condensed an,d 

'^Ib back into the small reservoir Z, from which it is blown off from time 
to time through the cock W. 

When the flow of gas and liquid in the various parts of the apparatus is 
suitably adjusted, the residual gas escaping from the 'lop of the small spirals 
contains all llie helium, neon, and hyc^rogen present in the air delivered into 
the apparatus, together with about 50 per cent, of nitrogen.^ 

From the crude liwht gas ol^taingd by this method the nitrogen may bq 
at bnoe removed by the ordinary chemical methods (see Argon), but a-simpler 
plan is to fractionate the \’^iolo over cooled charcoal repeatedly. The nitrogen 
is absorbed most rcadhy, the neon less readily, and the helium hardly at.aH 
; ftt the*temperatnrqa used. A .saving of time, however, may be effected if 
After several fract'onatiom 'have been made, the uittogeii is absorbed by 
chemical methods. The progress of the purification is best followed by means' 
of determinations of density: spectroscopic examination is almost usoless, as ’ 

. '“large quantitles of helium may escape detection.^ 

It will be evident from the above descriptions that neon is'fthe mbst 
‘'difficult of the inert gases to isolate. This is due partly to too extrem^ 
inlnnte proportion present in the air, the only a«vailable xource', and also to 
>’ '^6'fact that i<: has to ha isolated firom the middle tractions of the inert gas, 

.' iU which purity is more dtffimilt to attain than ip end fractions. 

V-'^Wdence of the-homogeneity of neon has been ootained by the observafclOft' 
‘its vapouf pressure is unchanged during the fractional diStiH^iion 
liquefied^ gas.® Quartz at 1000' C. is peymeaWe to .neon, but much 
to helium.* ^ ^ ^ 

feiisVol, Part I., p. 41; Claude, Covipt. rend., 1905, Mij 828} 1908,*toi9kS 

• <?/>.. ibitv-A** airt « ' " ’.. -.I' 


u, '^rans. Ckm, Soc., l'91(H97,810, 

' and Jaqueiod, ?hi{, 1908, aoo, A. IM. 

‘ p. W, BichardauB and Ditto, }*hU. i/aj., 1911, Xvi-3* ^ , 





^6n hfet Wen detefmindti 

jcuMtt^a sarnie ol the gas prepared, bji meth(y3 (4^ above. fc^nd 
gpi^id'OOdS gni. f6r the weight of the normal litre, which cjirr^jEton^t^’i,* 
n^tty of 20'16 (02 = 32). Raasay and Travers had pre'viou8ly«foddd.;tH«\ 
*Talne 19*94 {02 = 32),2 but,the later, determination rts’undoabfedly;^©!®. 
aoourate. Leduc giv^s 0-899 gm. as the weight of a normal litre.-'* , 

‘ - From Watson’s vaVie for tine density, and Burt’is valug given Ixdow for 
-^pressure cOinpressibilily coefficient, it follows from tine method *of limi(iing • 
tdepsitios that the molecular weight of neon is 20*20. * 

The cmvpremhility coefficient of neon at 0° between 0 and 1 atni(»phel^ 
u, according to Bnrt, -0*00105; that is, neon, like hydrogen, is an ultras. 
perfect gas.'* Leduc’s value is -0-00046 atfl7°.3 31io themial cOTidvc^vit^' 
•i8'0‘000109l e.g.s. unite at 0* C., and the temperature coefficient 0*00259. - , 

-s The refractivity of neon was given by Kamsay and Travers as 0*2345 times' 
ihat of air for white \jght, whence the refractive index is =1-0000687.* Th^ 
§^ire agrees fairly well with that found by (h and M. Cuthbertson,4 tihmel^ 
t'00006716 at 0" and 760 mm. for the green morenry line {X=- 5461.). 

The dispersion at N.3\ I*, is approximately twice that of helium, the^relft- • 
tionship between wave-length and refractive index heirfg given by 



, where C x 10--S = 5*18652 and V x = 38916*2. 

The absorption coejjirieut of neon in water is 0*0114 at O', and increMM 
gradually up to 0-0317 at 50°. Tlie solubility curve appears to havS U 
minimum at 0“.' • 

The viscosity of neo» a'l 0° C. ia*2-981 x lO'* in al)8olute units.® 

The dielectric cohesion of pure neon at 17° is 5*6 (hydrogen sf 205), whic^ 
is considerably less than that, of lieliiSm, v^liereas one would expect it to fcei 
between that of helium* and argon. The value of thg dielectric cohesion is 

• Veuy much raised oven by traces of fdVeigft gases; e.y. l/20th per cent, of 
impurity raises it to 6*8, and the determination, of this constant therefor® 
^ffords a good criterion of the purity of the gas.® , 

When an electrical discharge is passed through n(^« under *reduCe"d 
pressure a brilliant cjange-pink light is emitted.* The ^lectiim is chliracter- 
■ ised by lines in.tho orange and red regions and, like that of lielinm, argop, 

• kryptop, ai^^d xenon, is materially altered by inclusion of a Leaden jar' 
spark-gap, the strongest of the ordinary lines being only just visible, whit® 
mftny new lines appear in the more retrangible region.^® * 

The cTiicrf lines are enumerated below ^ 
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Ab investigation of tliree sey.es of lines in the neon spectrum has b,#il 

mf 4 b by Rossi.i . ,, - 'i 

■' The Zeema/>i efect in neon is very complicatea/ 

A* curious property of neon has heen obscA-ed Collie.® When 
|a4 is. ohitken in a tube with merem-y a red glow is observed which is equally!.. 
bright at atmospheric pressure or at 120-200 mm. By unequal heating 
and other methods tubes were obtained which would glow at certain parts' .' 
but-iiot at others. Moisture inliihits the phenomenon.-* 

; explanation appears to liavc been advanced: possibly it may .he ^ 
connected with the glow seen in an exhausted receiver q^nitaining neon moving -' 
near an electrostatic field.® It is stated that ne(m is very resistant to-,, 
.absorption by rthe electrodes of a discharge tube.® ^ . 

- - Tbs minimum spark potential in neon is 200 volts, with a spark-gap pf. 

i^-Stnm.l 

' .'The earlier investigators had not sufEoient neon at their disposal to., 
pb'rmit the determination of the ratio of the specific' heats; hut from' the 
fS)'t that mixtures of neon with argon wfcre alreafly Vnown to have y = 1-66,,; 
it yfas concluded that the value of y for neon was that required by theory . 
for a, monatomic gas.® Subsapijjntly accurate determinations of this oofr : 
stent have been ma4p for pure neon according to the method of Kundt 
»bd Warburg (see p. .316): the fij-ures obtained arc« 
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Th« vjlue thus found tor the ratio Op/u, tor neon is i . 

.'"'liiquefactjon of Neon.—Neon can be .liquefied under the 
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32'35 cm. at -24g"'67 0. (tho triple point) to #81‘32^.'A--*® 
f 0.* Two resultant still lower tempemtur'»s hiiVe yeeli 

i^inoiy, 12‘8 mm. at^ - 262^’6 C. and *2*4 min. at *- 257'’'35 0. , • f. 

^ Tia'triple-point p»*|pssurc is 35 cm. of mercury^ and its critical -presffi^'fif 
atmosplieres; but the critical temperature has not becii*det6rml#^4* 
;^ero is, liowcvor, a connection between the critical temperatures aE^;«the^'' 
viscosities of the inert gases. Tho variation of yj wiili 1’ is expfe8B©d‘> m 
Stithcrland’s equation ' 

^TW03^t 


V-Vi)\ 


0 + T 


where rj and % arc the visco^ties at temperatures T“ and ly abs., «nci ^ 
is a constant for eacn gas. t«* '• 

When tho values of i) at the critical temperature are calculated for-^ 
other inert gases, it is found that tlie relationship 3-93 10"'® x ai,>*fer= 
holds good^ By interpolation tlie value of ?;* and * 1101100 , by Suthefl^nct^ 
equation, of T* for neon may be found to be OT'! absolute.® .This vi^ue 
agrees with that sugj.'^sted by Travers, Sentcr, and Jaqiicrod (loc. ciL)fMZf 
60« abs. According tp Onnes and Oommolin,'^ the critical temperature 
neon is approximately 42*’ to 45'' absolute. > ' 

The surface tension, density, and refractive index of liquid neon have 
not yet been measured ; but Rudorf calculates that its refractive index should 
be about 1‘24.® ^ ' 

Atomic Weight*. —yi»e atomic weight of neon is believed to bo identifeil 
with its molecular weight, which fs, as lias already been mentioned, takep as,. 
20'20. The reasons for tlds belief may be summarised l)rieHy f« follows,;— 

- (1) The ratio of the spcvuHc hedts constant jiressnre and cOostaut, 
volume is 1‘6U; , ’ 

'' (2) The gas has an extremely sniallMiel^ctric cohesion {cf. Helium, p. 312, ^ 
and Argon, p. 339); > 

' (3) The evidence of the positive-ray method {p. 2^)5). ^ 

‘ (4) The general relationship of the el^nient to tlie oflibr inert 

fo other ulemonts indicates that it should^])ropcrly occupy 
position in the periodic classification f)ct\vcen*fiuorine and dod^^'i 
ijito which it naturally falls if its atomic weight is tal^en as 

')* ' Dewar, Proe. ^y. Soc., 1901, 68 , 360; Ramsay and Travi-rs, ibid, 1901, 67, 31^4' 
jJravers, Stenftr, and Jaquerod, ibid., 1902, 70 , 484 ; Fhi/. 'J^'ans., 1903, 206 , A, J81. * V- 
Xraversf SeytcL and Jaquerod, loc. cit. '.dit 

y- ^ Kankine, PAd Mag., l^r^., [vj.}, 21 , 49. ’'V 'f ' 

*'.0nne8 and Crommelin, Ptic,*K. Akad. WiUns'^i. Amsltrdam, 1915, 18 , 16. ‘ Swah©j 
14 , 16b* . , 

^ ;*.?,Bndorf, Phil^^ff1g., 19o9,[vi.J, 17 , 795. 



CHAPTER IV. 

ARGON (A). 

% 

HistOfjr^—A curious example of the omissions that sometimes come to light 
.diii'ing the investigation of common substances is found in the fact that from, 
1786 till 1894 no complete and exhaustive examination of the Iiomogeneity 
of atmospheric nitrogen was attempted. In the former year Cavendish; . 
pub^fshed his Kxperiments on Air, in which he investigated thi”, point as,- 
. minutely as'his methods and appamtus would permit; but that he recognised - 
his own limitations is evident from the following sentence written at the 
4}6nelu8iou of hi^j paper: . . if there is any part of'the phlogisticated dr 

'6f, our ^atmosphere wliich (lifters from the rest, and cannpt be reduced to . 
nitrous acid, we may safely conclude that it is not more than T.>ftth part 
-of,the whole.- ■■ P 

. •'This observation remained unnoticed until Rayleigh, in the course of a 
'VOiy'accurate determination of the density,.of nitrogen from various sources, 
observed thatj the density of atmospheric nitro^^en, %y whatever method 
obtained, was consistently higher than that of “chemical” nitrogen, obtained 
ammonia, oxides of nitrogeh, etc. This* discrepancy (amounting to 
of the whole) \\'hs much tQO great to be written off' as experimental 
error*.as may be seen from the data quoted below, in which the error of the 
4et0.rmination does not excetd 0'0002 gm. 

, ■ , Weight of Gas , 

■ I. Nitrogen fronl.— in‘large Globe. 

‘ Nitric oxidb by red-hot iron (4 expts.) . . . , 2‘30008 gms. * 

Niti;ou8 oxide by rod-hot iron (2 expts.) . . . 2'29904 , 

Ammonium nitrite ; purified at red-heat (2 expts.) . 2'559865 „ 
Ammonium nitrite; purified cold .... 2*29870 „ 

•{ - Ur€a and sodiuii^ hypobromite . , . . 2,*29^6 „ 

11. Nitrogen from air:— t " eru 4 

By m^aus of red-hot copper (1892) . ' 2'31026 „ 

By means of red-Vot irtn (\893) (4 ex{>tA) .c . 2*31003 „ , 
,By means of cold ferrous hydroxide fiSfM:) (3 ex^>ts.) 2^31020 ,, y. 

Meap of Series T. = 2*29927 gms. "^'s-* » 

M^an of Serj^ 11. -2*31016'^ ^ 

Difference 0*01089 * 

-*-^ 

» Caven<lIjih,i>Ai4.2VfiU., 1786.75,^372.. ^ 

I <b' 



iffl'ueDsn^rw none oivT3n«8ft,spQOiBiTOfr,^W^ajwa^ 
^/Qie Mon irf the Bifent electrioe^ drsbhArgef'ajid <lemoij 8 tfali 9 djr^oti^fi!^^ 
the li^htn^as of “chemical" nitrogen was i.ot duetto adniitttlreyt^ 
any .known gas lighter than^ itself, such as hydrogen, afiimonla, of* 
■-tapouri ^ ^ . • , ] ■ 

The only other j)ossiblo explauatfon of the high density of **attn^nh,|pi^’' 
■nitrogen was the pr^senoe in it of some heavier copstitiient. It was at th^poi|v^ 
*thtft a search in the literature revealed the astounding fact tl.aV the ao(^p^ 
view as to the homogeneity of the nitrogen of the air rosted»soIely up(^ 
•experiments of Cavendish mentioned above. Tt was at once evident 
his small residue were a gas having a density double tiiat of nitrogen, 
presence would more than suffice to account for tlie observed differences., 
Cavendish had passed sparks from an electrical macliiue through hmixtuffi 
of air with excess of oxygen (dophlogisticated air) over mercury, and"^ 
afterwards absorbed the excess of oxygen and oxides of nitrogen by means 
of liver of sulphur. Itepetition of the experiments with improve<j,appar8!tua 
demonstrated that a residue was alvaiya obtained, and that its volume-wks 
proportional to the volume of air used. Spectroscopic examination pi^o^ed 
■conclusively that it was not nitrogen. • • ' 

In collaboration with Kamsay, Thayloigh then obtained this new, gas. 
fl-ir by absorbing the^oxygen and nitrogen by the action of r^d-hot copper- and 
ipagnesium respectively, and it was shown by spectroscopic examinatibn to 
bo identical with the gas obUined by Cavendish’s method, il'liat the new gas 
was not combined with the nitrogen was proved by its separation by i\tmolyaisi 
This new gas had a density of about 20 {H = l), wlience its molecular 
weight would be about 40. The high ratio of the specific heats poinlefi to 
the conclusion that*its ^molecule was monatomic, f.e., that its atomic weight 
was also 40. To this new eleibent the name argon {apyov, inactivej^ was 
given.2 i , 


At first it did uot seeip as if Chere. could be ^ny place in tho periodid 
classification for an tflement of atomic weight 40, b^ut as time went on and 
^tlier members of the group described in (his volume became known, oheiniste 
generally accepted the view, first suggested by Jlamsay, that argon should te 
placed in a new group of tho jieriodic system betwegn bromine and potassiiinj^ 
By allocating this position to argon thpre arises an aflcfnaly which is .even 
now un^plained, •^ls its atomic weight is gren,ier thai.dhat of potas^um which' 
it .precedes, but tho greater part of the availabfe cvideifcc goes to 
dcciit^Jtec^view. ^ , 

Occurrence. —Argon is widely distributed in tlie free state in-nh^ure^: 
As Ra%already been mentioned, it is a constant constituent of the atmd^^l^ 
It forpis* 0*941 per cent, by volume of air fre^d from carbon dioxide. swE 
WwstuVef^apd J*1845 per cent, by volume of atmospheric “ nitrogen.','**: 
suhgtautial accuracy of*^tl^esc figures^ has been verified by calpul^h^”^^ 
^density ^4 atmospheric nitrepon from tht^n in /lonjnnctiou with the kUbW 
.densities of pureArgoA aftd nitrogen. 1‘esuUs^ire thus obtained which-l&w 


.densities of ppre^rgoA aftd nitrogen. 1‘esuUs^ire thus obtair 
cl^Seb^ ^ith the valuls found experimentally by Ra^leiglj** 
The proportion of argon in the air aj^pears ^bg constant, s 


. . ^'Pr%c. Roy. fee., 1898, 55 , 146 ; 1894, 55 . 840. 

E4yUi^ and Ramsay,•PAti, Trans.^ 189f>, i 8 (i, 187. 

Com^. mvi^. 1895, laz, 605; fKeUaa,/Vec. Ray. 




ToluHfs.i * the Qpetf ’aeS, htf 
19 pet* cent;) have been found.^ 


signetproportio'fis (up to 0'949 pet* cent;) have been found.^' ['-.4,, 

’ .••Vkm. top »;r augon finds its way into sea and river water,® and beoai^^|i|^ 
aot^biUty in water is greater than that Of nitrogerf, its proportion in the 
c^jsolved ^ is greater than^in air. This greater solubili'iy of argon will afeo'if 
orp^in why/.he proportion of argon in the gases from the air-yaddei^f 
^h^-ia alway higher than in air and increases with the depth from r^icfc’,.' 
^e fish is taken,^ and will account for the low proportion of argon in itir .; 
^plten from tho soil.It has been found free in plants,® and occnrs in thorf 
of animals,^ but not in combination.® 

, '*^Argcn has been found in the gas from the fumaroles of Mount Pel^V- 
:(^rtinique) and of Guadeloupe.® It also occurs in the gases of mai^;;' 
.^inmeral springs, among which may be enumerated Wildbad, Black Forest;*^ '■ 
-P^rchtp^d^orf, Vienna;” Royjavik, Iceland Allhusen's Well Bath and * 
Buxton Old Sulphur ^Well, Harrogate.^ Strathpeffer Wells; Des Q3tifs^; 
CJB^r and Espiiguol Springs at Cauterets; ” Vdslau;^® Monte Irono, AbanO'^-^ 
l^rderdllo, Tuscany; Poretta Baths, Bulognian Appenines;^® Mount Dor4 

Ogen ; Npheand Troti des Pauvres, Dux; Vielle, Eaux Bonnes; Saint' 
'il.u^Btin, Panticosa; Maizieres, Cote d’Or; ItailRre, Pyrenees; Bagnoles • 
^*?Ome (4’5 per cent.). 

.V:;‘A^^n has b«on found in the natural gas of KontucKy (see p. 302), and in,■’ 
into^.&pcciinens of fire-damp'-* in amounts which vary from 0'6 to 0'04 pef 
^Btr.-of the whole volume, but in almost every case are about 2 per cent, b^' 
'tbKune of the nitrogen present. ^ 

.-tlf-we now review the modes of occurrence of ar^on which have be^ 

■ Numerated, it will be found that in every c^o the g&s fccurs associated with; 
ptoogcn in proportions which are approximately of the same relative' 
^ii^^itude as the proportions of argon and nitrogen in the atmosphere. 


^Bchloesing, Compl. rend., 1896, 123 , 696. 

^/.M^ssan, Compt. rend., 190Jf; 137 , 600. 

'^^-Tioiat^aud Ouvrari^, Cot.pt. ret^., 189.5, 121 , 798. 

;-^'S?»bloe 8 ingand Ricliard, Compt. rend.^ 1896, 122 , 616. 

’ TOhlofesing, Compt. rf.>d., 1895,, 121 , 604. 

' A Tpioinei, Chem. Zentr., 1897 'ti'], 1030. 

ft^ard and Schloesing, Compt. rend., 1897, 124 , 302. 

. Bet , 1897, 30 , 965. 

:|~,.»^Hbl 8 san, Compt. rend., 1902, 135 ,1085 ; 1904, 138 , 938 ; Bull. Soc. chim., 1903, [ 

jayser, Chem. News, 1896, 72 , 89. 

' Bdliiberger, Monatsh., 189 5, ij, 604. 

• 5 **, KtUos and Ramsay, iVoc. Jioy. Soe., 1895, 59 , 68 . , 

^^*.E|iedlander-, .^eitack. physikal. C/igm.,,1896, 19 , 657,: Rayleigh, Proc. Roy. Soc»f\ 

;^»B4an8M and Ti-avers, Proc. I^(hj. Soo., 1897, 60 , 4'i2. <• 
and Landeisd!, Monalsh,, 1898, 19 , 11^. 

Anderlfhi and Salvador!, Oataeliu, 1898, 28 , i. 81. 

7^WPrtmMitior and Hurion, ^(hnpt. rendt^ 1900, 130 j^ll 90 .( 
rend., 1902, 135 , 1335. ‘ 

r«nd.„1895, 121 , 819. ' ^ - 4 -i 

ttS^Bj^echw'd,. Compt. rend:, 1896, lai, 892,' Soe aUo for summery, lIwttiiA,®* 
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ItMgred, Compt. rertdt, 189,6, Z23, 
rmd,, ;22, 998 ;.ni99, 
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Eg '? ?Vr "^‘*^.^‘^*^?“*^ '^^i»C»l>P«t^'2‘t pisr. o«i»^i;<iJ,''j^^;’j^ 
“■fliSSiit;"® same proportion as is contaihed in atmospheric nitrdrerf,' ' It seettn 
ymfmn, provable that in aH such cases the argon bas ^An ■' 

^f fectly from the atmosphere.2 . . * 

appears to bo generally assumed that the atmospborio aritcm :j5« 
" ‘•■l^.'no'itery state since the earliest stages sf the world’sIhttSl 
fflv minerals have been found hitherU. which yield argonSi 
Mating; of these the chief are and another mineral from 1 )m|| 

‘ I’H-b'c amounts of i^tooiinW' 

i^jjna-lacono has the formula 3(Zr()^.Si02).H,0, ' ^ ^ 

,'^^the Brazilian mineral contains 9? per rant! _ 

and both are radioactive, further, it is ■- ' 

, Seld by Antropofi ® that the amount of argon in / fi \ \ ''' 

■,we second mineral is too great to be derived / ft V'- 

%om atmospheric sources. There is, therefore, / ”* L. 

.atleasta basis for the speculation'that argoip | “ ^ i F 

IJie helium, may l.e a product of the disinte’ 1 W Jh H 

■gration of tadiouctivc olcuionts, but it itiust bo \ * If'l 

^rne in mind that the amount of argon present \ Vv '* 

i» quite small. • ■ 

.'-*A.rgon has also been found in ef/us/ite,® and I ' ' 

ifea cerium minqj-al from Uov. Batum (South N-l i 7 

^uca8us).t \_| I 7 , 

V*^SOlation. —Argon is always obtained from In j || j ' - 

.atmospheric nitrogen,, By the removal of o.xygcii [ [I f 

and nitrogen from air fread from ciifhon dio.xidc, |W* f 

eto., wo olitaiii “atmoSphoric argon,” in which IBwf 

tire only impurities are small traces of,the other ^ 

inert gases, helium, nepii, krypton, and xenon, jll| 

amountiTig in all to about 0'25 per qeut., by J jji M - ^ 

yolnme. , 7.— |V ,V 

■ The chief method.s used for “atmospheric ’ If O 

t^rgoa" are as follows:— ^ 1 I , , ' 

- ( 1 ) CajendisITs original exporimontliaS’hoen p,,, g? ^Kavlnd. and 
developed and iwrfifiJtl hyEayloighaiid Hamsay,*' > nioditjiutioi, of Oaven^^^i 
vh^wapparatiA is represented diagrammatical] V ai*paiatus. , , .‘I'• 

j?.ag.«7. . ” ^ e 

The glass flask A, having a capacity of about 50 litrts,'is Bupbortlal 
. X di^nwards in a suitable stand. It is closed by a rubber bpng thttfim^if 
irajqjl.pass ffve tubes. Two of those carry heavy capper leads which Wmfe' 
tete Shove m l(ho»electrod»s B, n, constructed of heavy platinum Wd.'-^-f^f, 


^.-11 V Ti J I- ’1 ui jieavy piaunum TOn/'-TOffii 

pnt tube D delivers soda sciuSioii against»tho,top of the flask So that if 

and SW^J’roc.’CAem. SSoc., 1896,Ti[ 143. * * „ ,f. 

Walter, nysikal ZttUch,, IJlk 
Jrayere /Voc, Roy. Soe., 1897,^, 142 i llil*hm and WintetaoB, 

o9t loqp. • ^ ^ 

A -.S'Alit^pbfi^ ZeiiDch, SleUrochtm.^ 1908, laJiSO. 

»'A^tf«Jofr,'t'^,J909, ijmi. , 

««®^er„J>«i(!.icji. Soc., 1896, do, 133. 

<S ..BS«. PAys. Chem. Soc,, 1897, 2 f, 291 
Tritnt, <?km. i§i1, yi, 



ttefitjuid ^rcuIatioti*,by a sn^ ip.., ^ ^ , 

fltnd atroae poiitt passes thrbagh 'a ytofta «sooled extemally wjtf 
niutuie of 11 .volumes of oxygen and 9 volumes of ,air is 8tippUed{^'“‘'^^^^ 
the tube 5-' o ^ ^ . 

In order to maidtaip between tiie electro les the potential ' 

•required to give a steady flame, it is necessary to .use a tran8forin^\.*Jt - 
induction coil which»will give a P.D. of 6000 to 8000 volts on open seconi^r)^ 

,circuit.' Thif. falls to about 2000 in working, but a transformer giving ’ 
**'tlu8 voltage, or even 4000-5000 volts, on open secondary circuit will giyp? 
riinste^y conditions in use and probably lead to overheating and fusion of th^i'* 
electrodes. It is, however, nece^.sary to the efficiency of the process that tbft' 
Meotrodes should bo kept red hot. 

■' The primaryt current is regulated by means of a choking-coil with<.a‘„ 
'movable iron armature, and is about 40 amps, at 30 volts. The rate of' 
Nionsqmption of energy is about 800 watts, i.e. 1 h.p. i^rmghly; and the ratia 
qf absorption of gas is about 20 litres per hour (25 o.c. per watt-hour), whicll" 
by paying careful attention to the composition of the gases, be 
maihtained until the amount of argon in the globe is sufficient to dilute the 
considerably. 

Contrary to expectation, increase of pressure does not materially increase 
the rate of combination ; hut it has been found that with approximately the 
Same size of f^me the absorption increases rapidly 'dth increase in the size 
of ,thp-globe. 

• 'This process can bo pushed to completion and a mixture of argon and 
\)Xygen obtained, from which the latter gas is removed by alkaline pyrogallpl,' 
.,^uprammonium solution, or red-hot copper; but it is^found better to use it 
only for the preliminary concentration of, argon uad to complete the removal- 
of pitrogen,by one of the other methods.' *' 

When nitrogen is passed over .^ed-hot magnesium it is absorbed with 
iormation of magnesium nitride,'Mg^N,, and it was, by systematic repetition 
,pf this process that Kamsay first obtained argon from ' atmoi.pheric 
“nitrogen.”^ It has the disadvantage, however, of lieiug extremely slow,'and 
it'was early suggested tfiat other metals whicli more readily form nitrides 
should'-be subrtt.uted for the magnesium; chief of these were lithium, 
,cibt«ined by eleotroljrsis of the chKride and barium, prepared ijy the action 
.of apdirtm on barinm fluoride or KaNajP,.* ' . . 

,, . --A very rapid method and tlie best available for some years is a )80 a 
ittodification of the original magnesium method, due to Maqaenne. The 
; absorbent is a mixture of 6 parts of lime, which should be free from carboila^ 
bnd hydroxide, and 3 parts of magnesium powder;* and the addition cJ a 
proportion of nAitallic sodium is stated to increase' the 

■akbrorption-* ' 

‘The mixture is heated toibright redness'in a glass tube, any hydrogbi 
'■A-C^hon monoxide evolVad being pumpedtoff., Atmospherio nitrogen ”, ii 
-i- 

:^.-&j^leigh, Proc. Ch&n^ Soc., 1897,frX3, ' 

^*^SJm»y„Phil. Trans., 1895, i8(^'200. 
vhnxpt. rsnd., 18'*/6, 120 , 777, 

Compt. nnd.; 1895, X 2 i, 887. 

j v* MA’(pi«tine, Compt. rend.^ 1895, X 2 i, 1147. , . 

fe^CwniJxeliu, ProtXC Akad, 'ff'etmsch. Arnstsrdam, 1910, 13 , aliiio C 

1009, 7 ,109« f ' 
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then admitted, and tlie absoi'ifLion of the nitrogou is ovideij(!bd glow 
wMch passes along tfle ttibe as tlie mixture ^ecoi^es converted Irfto calcium 
nitride. TheVas issuing from tlie tetbff is freed from traces of hydrogen and^ 
carbon monoxide hy passage ovei’ red hot copy i oxide atfll solid caustic 
potash, and is linally dried by iiK^ms of phosphorus pi.nitoyik'. ^ 

E'er the removal of the last traces of nitrogen, rud-bilt crystallised calcimn 
haaf been used ; ^ and Uie same end is attained 
by maintaining an electri(! arc between 
calcimn cleetreHlos in tlui gas for twenty-four 
hours.2 

(3) A method for preparing argon wlneli 
appears to be (dieap and eflective is tliat diu'^ 
to Fischer and Hinge. A mixture of 00 per 
cent, of calcium earlude and 10 per cent, 
of calcium chloride, heated to rediu'ss in an 
iron* retort of the tVm showm in lig. 
having the open end waler-jaeketod and 
litted witli a water-cooled sto[)per, is n^ed to absorb tlio oxygim and nitrogen 
from air. • 

The rctoft is made jiart of a system of apparatus inaiealeil in the diugnijn 

(*ig- I . * 

In an experiment tin* nitort is first wanned and the contamefl gases aro 
pumfied out: the temptratiire is then raised to 800', air is gdnntted, anrl 





cone 
' HzSOa 


solid 

HOH 


re.d hot 
CuO 


circulating _ 

«« pump 


* • . iron retort contiJtning. 

>^*g3S-hotders -^ Qa Cz & Cj Cl 2 


Kn;. 89. 


wh#ii the oxygen and nitrogen ha.ve hcen alisorbcd, mort* air is adnnlted from 
tii^c to tin*e compensate for this alworjition. Wh^'ii the wliolc apparatuw 
M fiiH.^f Tiiiyiiro argon tlu: gas is circulated throiigli the system until no 
^further absorpti'ui is indicAefl liy the manometer. • 

The chemical clumges wiTiili .lake plaee ;fre as^'j]lows--;-nitrogen acts 
upmi calcium*carbide to /uitn ^Mcnim cyananii6(» aiid^^arl^ou, the .carbon 
unites with f^ygen t<fforiti carbon <lioMfl(‘ (which is absorhoiidiy the cakhftn 
cai‘bidc"^ith formation of calcium cari)ona^ and carbon), and some carbon 
.--• • * • ^ , ,* ^ 

^ MiStssaii aiif] EigaiiX, Vompk rciv^, 1904 *37i ' f ' ■ U'hi-k 

2 , 438; Fischor anpi Haunel, 1910,43* Ount/ iind Ha&sot, Hull. Soc. Ohiin.. 
1906, [3], 35 , 404. .• 

’ Fisclieran€ Ili#vici^ 1909,* 43 , 527f.* 

VOL. j. 
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mono^de whftt in turn is oxidised by the copper oxide to carbon dioxifte and 
absorbed l*y»the potash. l 

Eleven litres of fairly pure argon wer» thus obtained in t^ days by the 
* use of 7 kilos (vf calcium carbide.* * 

(4) A^ifcd ijiethod for the laboratory •preparation of small amounts of 
atgon deprafls on flio»fact that cominercial compressed oxygen, prepared by 
cfractional distillation of liipiid air, contains over 3 per cent, of argon «nd 
but little nitrogen, e It th6 o.vygcn be removed by msaiis of red-hot iron or 
copper and residual gas freed from nitrogen by one of the above methods, 
ta fairly pure sample of argon is readily obtained.® 

The argon obtained by any of the above methods always contains a small 
proportion of the other inert gases (0'25 per cent., of which the greater part 
is ne»n) which cannot, of coiifsc, be removed by cliomical methods. The 
isolation of puro,,argon from the mixture may be carried out by one of the 
following methods:— 

c (IJ Fractional dilfusion. d 

(2)* i^’ractional liquefaction of the gas or fractional distillation of the 
liquid. 

^3) Fractional crystallisation of tlio lii|uid. 

' (4) Fractional absorption in cooled cliarcoal. 

0^ those (1) iS too slow and troublesome to be of niuch practical use, and (3) 
presents great experimental difficulties, and has only -been carried out for the 
accurate dete^inination of the atomic weight ('/.».). dioth the other methods, 
(2) and (4), are good, but (2) is perhaps the simpler; it is quite easy to 
separate argon from helium and neon, on the one hand, and from xenon and 
krypton, on the other, by fractional distillation at the temperature of liquid 
oxygen.* ,. 

Physical Properties - Argon, liko^the othos membors of the group, is 
a colourless, odourless, tasteless gas. 

Many determinations of its deimiff^ have boeil made ; the more important 
results are tabulated below (refevred to 0, = .32):—, 

(o) 19-940,'‘ (4)'l9’957,* ‘’(c)'19-945,* (d) 19'95,* (e) 19-972e.® 

(a) This result is^ho'rnean of .a number of density determinations made 
on “ atfnospheric ^irgon ” contaitiing al! the helium, neon, etc., present in the 
originAl air. Tlio c.icond figure \b) is for tt )0 middlq tractions‘'ohtained in 
the evaporation of' li(|UofiA'd atmospheric argon, wliilst tlie third (c) is a more 
recent detevjniuaUou made on material similarly prepared. The^four_Jh figure 
(d) was obtained with argon purified by fractional crystallisation, and identical 
results wore obtained with the samples of gas tekeu from the solid^and liquid 
tractions. "The fiflli (e)^was obtained with spectroscopically ppre^gas. 'fho 


‘ Fischer and liingo, /jer., ISKtf, qs, 2017 Fisfii*.-, Zeihcli. Mektrochem,., 1907, IJ, 
107 ; Ber., 1907, 40,1110 ; (h-ofjs, Trans. Ukem. , ISl.t, 107 , 305. • , 

* Claade, Oonipt. re-id , lOfO, 151 , 752 ; see aho.tklovey'J. y(q[er.,C7im. Hoc., 1912, 34 , 

l9i'^,Stark,/'/Ii/.vv'i'ol. icKsf/i., 1913, 14 , 497. * 

* Croramolin, Proc. K. Akpi. IFelet-seh. Amsterdam, 1910, 13, 64. 

* Rayleigh and Ram-say; mi. Trail, 1896, i84, 187 j^Rt^rl^igh, Proc. Roy. Soe., l£9(i, 

SO, 198. ^ * a 

* Ramsay, Ber., 1898731, 3111 ; Ramsay tyid Travers, iPm. i2iy/. S^p,, 1899, o^l 188. 

® Fischer and Hahuel, Her., 1910, 43, 1435. “ 

‘VFisd’rra^d Krobowo, Ber., 1§11,44, 92. 

■•'ScBultj/, Ann. Physik, lftl6, [iv.],^4a^ vw. 
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aooeptea tigtire for the densityargon is 19 95, i,e. the wei^t of a W’mfti 
fitft of argon is 1‘192 guams, Sclmltze giv<j| the value 1 7837$ grurna, and, 
by the methai of limiting deusil^es,* finds tha^ the molecular weight is 

39 ' 94 S- ' 

Argon, like helium, expands ig)rnially with increase of from 

0° to 280“: its coefficient of expansion is 0’003668.i * * * 

•The pv isothermal# for the gas botweem - 150“ and + 20“ and the reduced* 
equation of state havv* been studied by Onnes aiftl CrmnincliiiThe com¬ 
pressibility coefficient of tlie gas at 0* C. and between 0 and^ atmosphere 
has been calculated by Watson to be +0'0001)3.^ a 

The solubility of argon in water is about tinjes that of nitrogen— 
roughly 4 vols. per 100 vols. of water at ordinary temperanircs.'* 

The absorption coefficient, measured accofding U* the nicfhod of Estrcicher, 
is 0'0561 at 0" and 0'02507 at 50°, and appears to show*!i steady fall with 
rise of temperature.’’’' Fox has shown, however, that Iheso rosulls may bo in 
erroi' by as much 5 per cent.,*' and gr(‘at(!r weight must thei^fgre b(^ 
attached to the detcrmlnalious of Antro])olT,'^ which give for the solubility 
coefficient the values 0’0561 at 0“, 0'0.‘i79 at 20", and O'O.If.’l at 50“: the 
results show a distinct minimum at 40°. « 

Argon dbe.^ not conform strictly to Crabam’s Ijaw, but dill'iises tbroiTgh 
a minute hole in a platinum plate 34 per cent, faster than woiild*l)e flnticipatcd 
when compared witii o*:ygen. This behaviour may be c.xplaftied by taking 
inUfaccount the high raiio of the specific? Iicats.^ Argon dilf^ses tlirough a 
caoutchouc membiiane 100 times as fast as (?arbon dioxide.® 

The viscosity of argon is high -about 1‘21 times that of airand in 
respect of this property it heads tlie list of tlio princijial gases. Thft 
soefficient of viscosity^ in absolute (C.G.S.) units has been (h'tonninod by 
different investigators, wifh the rcf^ilts given below :— 


rj X 10’. 

• 

• 

^ Tciiiprrfl'Hic. ^ 

. - 

Ohsmt'r, 

2208 

• • 

14°*7 

Schultze.” 

220(J 

12°-0 1 

• 

2746 

99° 6} 

TfftizlcrJ“ 

3281 

183'’’0l . 

• • 

'2-21)1 

15°-.5 

Ran¥nc 

2102 

• 

0°’0 

* • Runkiir.'^ 


.... . . _' 1 . _ 


* ivueiion an<l llaii.lill, J-’roc. .Soc., 1895, 59 , (>0. • 

^ OnneswidCi'otrimelm, P/vjc. A'. Ak'ui. IFfilens'-h Avisfrrdam, 1910, 13 , (ill, 1012; 
1911, 14 , ^ 8 # 1912, 15 , 273, 952. Holborn aiul .Scimitar, Ann. t'himk, 1916, [iv.l 

>o;i. ... 

* Watson, Trans. Chem. So?., 1910, 97 , 833. 

* hayloigli and Ilam.^y, Thilf'A-tins., 1896, 166 , $87. 

® Estreiche*, Zeilsrh. ykysika^ CAlw., 1899, 31 , 176.. • 

® Fox, Trans. F^iraiay 81k., 190$; 5 , <> 8 . * 

’ Autoopdft^ /Vcr. Roy. ike., 1910, A, 83 , 474. 

* UCnnan, Phil. Mao., 1900, (v.], 49 , 423. ,, 

Kiatiakowiky, J. Rm8.^ChAn.. Aof., 1897, 29 , 291. 

Rayleigh, Proc. Aoy. Soc., 189^59, 198. , 

“ Sfcnultze, Ai^n. P^ys., 19#1, [iv.], 5 , ^40. 

Tanzler, S^. deut, phys. Qfis., 1906, 4 , 22 ’i. 

RaokiDe. Pr#*. Rvy. Soc., 1910, A, 83 , 266, 5J6. * 

Rankin^M., 1519. A. 84. lol. • - * 
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Rtjlcigh observed that the viscosity ot argon ipcroased, with ri 8 (^ot 
temperafiife'more rapidly flmnflid that of the comfhon diatomo gases,’ and 
( Rankine^ showed that if this increase%lKjwed a linear lay oi/hB type 

r • , ’i» = %('+W> 

O 

I* , * 

^then )3, tlio temperature cociHcient of increase of vii^eosity of the ga8,4)a8 
'the value 283 X 10"^ ■ „ 

The rep'aciivUy of argon has been determined by method'll essentially 
.similar to those described under Helium {p. 310): the principal results are 
tabulated below: — 


1 ifavc-Lcnylk (\). 

(g-lixlO’. 

Ilemarls. 

J uihoriiy. 

1 Whj^te Jiglit 

2808 \ 

Assuming value 2922 

( Riylr.gl,,’ 

2828 / 

for air(A = 5894). 

\ Ramsay and Tiavers^ 

( 6503 

2829 


IJiiiion.^ 

t 5806 

2837 



6139 

5790- 70 
' 5161- 

2790 
' 2S03 

2810 


Alirberg.'^ 

m9 ' . 

2S51 



6461 

2823 


C. and M. (JuLhbcitson.’ 


Burton expressed his results by the fontmla 


{cf. Helium, p. 311), but C. and M. Cuthb(;rtsou give preference to a formula 
of the Sollmeicr type, * ' 


AtN.TtP. their, values for the constants in this cipiation are given in the 
followbg table, togj^ther \Niih those calculated from otlier resuJts, for the 
sake of comparison:— < ' , ' 



Ox 10 -^. 

VxlO-'^. 

UurLoii . ... 

9 124 

10335 

Ahrlfcig 

7 437 


(j. and ,\ 1 , tJutliliciLym , 

9-4;5204' 

17009 



', 


^ Rayleigh, Froc. Uoij, Soc,^ 1000, 66, 08 
^ Kaiildiift,/oc. aV. ' ' ^ ^ 

^ Rayleigh, Froc. Hoy. Soc., 1800, 59 , 203. 

, * Kiviiisay and IrtiVers, xhid., 189;. 62„-225 ; 1899, 190 t 190,1, 67 , 831. 

® linrton, ihid., 1908, A, 80 , 390. 
c. “ Ik’irbjrg, Inawjiral D'm\, Ibillc, 1909 . 

** ’VC.^d M. Cuthbertsop, Froc. lioy.' Si'C., 1910, A, 84 , 13. 
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fiiw a vtry^Q'it ^leleclnc cohesion (35)—ono-f^^th th^ pf,air 1j205), 
and onc-clcvi^th that of hydrogen ^^19).^' fif this respect it shows a 
rescnibiance twhetanonatoniic vapour of mercury, tlie (hclectj’ic coljosion of * 
which is 0’85 that of air—a vpry low figure considering tlw* density of 
thegas.^ Tliu dielectric cohesion of urjj<m is unaflei-ti'd i)y^*lh‘mg^ (ff pressure', 
butjs markedly increased by admixture with other gas( wlu'dier diatoimc 
gasealiko oxygen and *ntrogen or tho vapour of inot-cury.^ 

' The Bpaik-gap (spacing distance) is about 40 j)er cent. grealA* iu argon 
than in air, hydrogen, etc., under comparable eoii'litions (cc//' ficitum, p. 312). 

The lines .seen in the s])eetruin of argon vary with (lu! condition!!.’ If a 
discharge at 2000 volts be psissed frouj a stouige biitterv (or otiier similar 
source of continuous curreut) through tho*ga.s under re«iueed press^ro, it 
emits a red glow; but when tho discharge' is oscillatory [c.g. with a spark- 
gap and condens(!r interposed) the colour of the light at once changes to blue. 
Pro.^rnity to a Ilorz oscillator will bring about a similar change in Ihe^ 
character of the light* and a (leissler tube containing I'iirctiod argSrt*may, 
consequently, bo used to delect electrical wavos.^ Sio.ad lias stilted, as the 
result of investigations with ii lime ciithode, that the red si»cctnim is^lho 

spectrum the positive column.even when prodticed under very l»w 

pressures--whilc the blue spectrum is that of tlie cathode bc^uu#'’’ * 

A very largo number^of lines in llm spectrum have boon «if‘asured, but 
onlyd^he more important^of these are given in tho following list. The reader 
desirous of furtiier detail is referred to the original memoirs.’’ • 


“RED” SPECTRUM OF ARGON (Uncondensed Discharge). 


Watf-inujlh. 

IiiirnPity* 

• . 

IVacr-Lcinjlh. 

• 

IntcnhUy. 

W(ive.-Li ny/h. 

Intensity, 

7066-6 . 

; 

42*72-;50 


4182'00 

~ 

6!>t»'8 

8 

42tl6-4:{ 

• -i 

4T64-;!0 

7 

t607-4-l-'V 

8 

4-J59-49 

y 

■lir.S-72 

10 

l6tl)-65 

7 

1200 sn 

10 

• 4('14-r.6 

8 

4313-11 

H 

•ll-tS 16 

10 

ftl!)49-n 


434fi 82 

7 

1 4191-81 

10 

.‘{.‘^34 ?7* 

*8 

4.M8 71 . 

8 

t 4190-81 

• 7 

.■i5|7-79 

*7 

— 4300-25 

r.. 

8 • 



> • 



^ Bouty, rend., 1904, 138 , 616; 1907, 145 , 225 ; Ann. iJimiK. J'hys , 1911, 

23 , 5^ lft]3, Lviii.], 28 , 645. • • 

• “ ^i^y, (Jo)-%pt. reiui., 1904, 138 , 1691, and loc. eU. 

^ See also, EworS, Aim. PhysM, 1905, [ tj, 17 , 781. , 

^ Friedlander, Zeitsch. phijsik(ih(0i.e?n., 1896, if, (5^. • 

..‘ • ■ - • ■ - . 1897, [v.], 


43 ^ 


TrowbiiSgc^nd Rickards, 1897, ti'-l* If'> ; 

’« Stoa4 JVJ-, aimh. hil. fix., 19*2, l 6 , 607. *" .* 

’ Ed^f^nd Valeiita, Anzeiger K. Akad. 1^95; Sdznngsher. K. Akad. 

IVisa. JP-ieiiy i l)enks<^r^K^Ak(i(k JVtss. JFAil 1896. K^yscr. »/., 1896, 

4 , 1 ; Sitzungsber. K. ^ad, iVm^Pnhn, J81'y. p. 5kl. Cruokes, Trans., 

1896, Al l86, .248: th^ red eiiri of "le spectiuin has beei? iiivesligated by l^iuge, 
Astropkvs. 18fl8, 0 , 281 ; Runco and P.isdn'n, ibid., 1858, 8 , 99. These resulls ait 


Aitrophya. ISfjB, 9 , 281 
, siunmarised in Wattlg 
canal-ray siieotAim 
1918, [iv.], 43 , 241. 


aiti 

tho 


Index of Spectra, vol. F, p. 21jV0?. H, p. l,«vol. M, g. 1ft.* Foatht 
argon see St^k, Wea^P, Kirschbauvn, and Knnzei^ A^m.tP^sik, 
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' “aUJE" SPECTRUJJ OF ARGON (Coii4en3fe(l Discharge), 



■ ■ 

- --— — 

f 

— 7 -^- 

WaveffLeiifftk. 

r 

JVavii’Lc'nyili-. 

Inteimty. 

li'fne-Lenyth. 

Tnli'nntij. 

IntmsUy. 

' 6f>59*0ii 

8 

3781-0-2 

7 ' 

3286*91 

7 • 

4880-00 

8 

, 3729*45 

9 

2942-94 

7 

4800-17, 


3638 02 

7 

' 2806-3 , 

8 

4609-74 , 

7 

3588-63 

9 

2709-7 

8 

4426-17 

8 

3582-56 

7 

2753*9 

8 

4848122 

9 

3576-81 

8 

2744-9 

8 

4104-11 

7 

3551 -21 

7 

2708-4 

8 

4014-00 

7 

35fi9 70 
3546-01 

8 

•2647-6 

8 

8t28-75 

7 

7 

2)16-8 

8 

3868*72 

7 

3545 79 

7 

2515-G 

8 

3850*72 

8 

8491-72 

9 




T}ie Doppler effect has been observed tor cerbiin lines in the spectrum of 
argon.’ 

Argon is diamagnetic.* 

• The tli^riral conductivity ol argon, K = 0’00003894 at 0” C.* When this 
value is substituted in the equation 

K =/.)).«„ 

where t; = the viscosity and c, the specific heat of the gas at constant volume, ' 
we find (as in the ease of helium, q.v,) that 

/= 2-501. 

This value approximates closely to that obtainejl theoretically by the 
development of Maxwell’s theory, and therefore allbrils evidence for the 
simple nature of the argon molecule. '- 

beterniinations of the thermal conductivity of aigon at very low pressures 
gave (lecnhar results'which are ; t present unexplained.^ 

Direct determination of the specijic heat of argon at very high temperatures 
(1300°-2500° C.) have,been made by exploding the gas with a known amount 
of eleotl’olytic g-urin a large spherical bomb provided with a special device 
for detecting and re/-ording prcssu'i-c variations. It w.ys thus fot.'nd that at 
constant volume the molecular specific heat is 2-977 cals.® 

The specific heats at constant pressure and constant volume at ordinary 
temperatures have not been determined, but the ratio between these quantities 
has been found by the method of Kundt’s tube (vide Helium, p. 316). - A 
particular lube, wliich gave in air the value X/2 = 34 67 mm., g^ve in argon 
A/2 = 31-68 mm.; whence-y = 1 65.^ . ■ 

Liquefaction. —No difficulty is met with'in the production of both; 
liquid and solid argon, us the t jiling point and inciting point lie between the 
boiling-point of freshly i)ropared liquid air jtpd that of litjuid Kir which has 
teoR kept. , ' ,. . r ^ ■ 

> Dorn, Fhysikal. Zeitsck ., 1907, 8.,689. * Ttazler,-, inr. '‘hyrik, 1907, [iv.], 24 , “ 88 . 

* Schwarze^xAna. P/tysil;, 4908, [iv.], u, 303. ,, , 

1 R/. Waclisrnuth, Aetisc/c, 1908' 9 , 23.6. v , , 

" 8oclily and Berry, rroc., Pvy. Soc., 1910, A, 84 , 676. 

«, Picif'?«<-!c7t. BkU'orhem., 1909, 15 , 636. -' ,, 

I RaHeij'!' and Eamsay, FLU. Tram., ]S85, 186 ,187. Sb« also dtriWer, Ber. dmt. 
yhyeikai. Gee., 1914, 16 , 615. 
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^Liquid a»gon is cplourlesa and transparent and boils at at 

the boiling-piwnt the deutfity is 1’4046 : ^ -whol coo|cd by external'rfteans or by 
its own ovapomiojL it solidifies to a»\vtfite ina.ss wiiieb crystallises in the regu-. 
lar system,^ and milts at - loss than .T below the boiling-point. 

* The critical constants of argol are as follows:— * * 

Critical temperature ' -132*'41 

Critical pressure . . . . T 47’!^!)fi atmo!^ 

Critical density . 0 501) gni./^'o. 

The triple point of argon is — ISOM’S.® The vapour pressure, of solid argon 
is 411 mm. at - l90'’-9: by addition of oxjgon it is raised to 430 mni. at 
that temperature and then remains constant, in spite of coiitimied addition 
of oxygen, as long as any solid argon remains. We arc h^ro dealing with a 
saturated solution of solid argon in liipiid oxygen ; it eotitains 9i!'7 per cent, 
of argon by volume, *nd the vapour in equibbrium with it eontaini^i)7’8 pe» 
cent, of argon.’ Tlie vapour pressures of liipiid argon from the ci itical tem¬ 
perature to the triple point and of solid argon from the triple ].)oiut to 
-206‘'C. have been determined, and from these dati^ it lias been calcinated 
that the molecular heat of vaporisation of the li([uid is 131)3 calorieS at 
- 125’*49, 24‘01 calories at - 140"-80, and 35 00 calories at --*1^85’ 06.'^ 

^Tho equation for tlib rectilinear diameter for argon has bben found to be 
D,=:0'209ofi - 0'003G3;fr)« (tomjieraturc in degrees C.). Tlio coefficient of 
i.e. the slope of *1110 diameter, is greater than for any other gas except 
xenon.® The density of liquid argon varies from 1-13.33 at 81^aV)3. to 
1-3845 at 90" abs.^’ 

In conclusion, it mfty bo of interest to note tliat it has been recorded jn 
one case^ that argon^iRibited “pbosphorescent ellects” iluriiig an experi¬ 
ment in which it was repeatedly passed over hoateil metallic .calcium and 
copper oxide respectively. The pho#;phorescenco is staled to liave become 
moi;f intense as the gas*becaine purer. N^f attempt seems to Ii;ive been made 
to*ox^ay^thi3 phenomenon; but theis; is at least a ^uperlicial resemblance 
to the observations recorded under Neon (p. .338]j^ and the matter appears to 
ibe worth further investigation. 

Chemical Inertness.—Argon is generally holieve*! .to ho chemically 
Jnert, but*it may be^f interest to give an account, as \)giH done in the case of* 
helium, of theoxpenrnental evidence upon whi{^i*tins beUef rests. 

* Argon is not acted upon hy any of the agents--magnesium, calcium, 
lithium, calcium carbide, oxygen, potash, copper oxide, etc.--u^od in remov- 
iftg nitrogen and oxygen from air and in jiurifying the rcsiihial gas. This is 

'^Ifflunsay^anij Ti-avers, Phil. Trans , 1901, A, 197 , 47 ; cf. 01/cwski, liid., 1895, A, 
l36, 258. • , 

" Baly^nd Doiiiiaii,.7'r«n.v f'jft'm. Sor. , 1904 914. • 

• 8 Wahl, Jfoc. Hoy* Sor., 19V, A' 87 , 371. . • 

* Crommjlin, iVoefIC. J^ad. fPwtmsrh JnisUrdaoi, 1*10, 1 ^ 54 . • 

* O^mmelin, ibid., 19le, 13 , 607 ; rj. lt7''-4 C., I\-52-SW«tmo3. (hainse/ ftnd 

Travers, iVoc. Hoy. ^r., 67, 329), I)« = 0'.5149*(<>i)l(lliai|jnicr. Zfils-h. physikal. Vhem,, 
1010, 71 , 677), also DK-*0»63qJ (Malfiias, Onnest^nd rioimiiflni, rvle tnfm). 

■ ^Qxwtimt!\m,PrQc»^. Akad. fVttr/nsrh. Ajw<terd(>m, 16 . i77; 11^4,17*275. The * 
triple-point’pre*ure *ie 521-I ram. (Hoist and H(imhurgvr,*/'m*. A'. Ab/U. H^eUnsch. 
Amsterdam, 19f6, 18 ,*872.) • ’ Ingli.s,/"*i7. May., 1906, [vi.], ii, 840. 

* Mathis% Ofihes, and Cromiurlin, /V<v. A', ^kad. Weie/^h. Amsf^rdtlh, 1^3, 15 , 

667, 980.^ * • •• ^•ifiischfi-and Ihiliiiel, Z*«r„ 1910,# 43 ,/43£f. • 
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ovideiired by ^|je fact that the proportion of argon air determined JJ)y 
processes iifvfilving the use,of th'jse reagents agrees ft^ith that fyandl&y other 
,methods. Moreover, it does not coml5iuc with titanium, Vorew^ or uranium 
when heated in'contact with these elements, or with fluorine at the ordinary 
temperaturp or undpr the influence of the electric spark.^ 

. Rayleigh and Karnsay-^ attempted to cause' argon to combine with Jibe 


K3agents enumerated below, but in no case was Ihcte any absorption of 
the gas:— . * ‘ ' r. 


Clydrogen. 

Chlorine.' 

Phosphorus. 

Sulphur. 

Tellurium. 

Sodium. 


Sodium hydroxide ((at red 
Soda-lime f heat) 

Potassium nitrate (fused). 
Sodium peroxide. 

Sodium persulphide. 
Calcium persulphide. 


Niirohydrochloric acid. 
Bromine water. 

Potassium permanganate 
and hydrochloric acid. 
Platinum black. 


Other experiments have shown that argon is unatTccted by a carbon arc 
maintained in the gas for several hours, or l>y tlie silent electric discharge 
in pivsence of the vappur of carbon tetrachloride.-* By the action of pro- 
duper gas (whiph of course contains argon) on a mixtui-e of barium carbonate 
and carV)on*at^tho temperature of the electric arc, a product rich in barium 
cyanide is obtained, but when a sample of this material was complefely 
decomposed acqordiiig to Dumas’ method the nitrogen recovered was found 
to contain no argon.^ Similarly, it has been proved that argon has no action 
on magnesium, as the magnesium nitride obtained by heating the metal in 
lii'r, on treatment with water yiekh^d ammonia and a small amount (50 c.c. 
frem 500 gm. nitride) of gas which was sliown to contain no argon.Argon 
does not pass through platinum, palladium, or iron ,?t 900“-950'', under a 
pressure of 1 Atmosphere, and tluu’eforo forms no compound or solid solution 
with these metals.'* It lias Ik’cu sluv.vn independently that argon lias no 
appreciable solubility in solid or liquid copiicr, siTver, gold, ritckel,^iron, 
palladium, aluminium, magnesiuiii; urwiium, or tantalum.'^ ' 

It has been suggested that this inertness might be [lurely a matter of 
temperature; and argop at ordinary temperatures has been compared with, 
mercury Vapour, v/lrtch at 800* 0. would appear to bo incapable of combining 
twith any other element.'* This analogy is obviously iipperfect, iftid argon, 
should be compared vatlier sfith iion-metals of low atomic wcigl.t and density 
than with mercury.® 

It seemed likely that any compound of argon that might be produced 
would bo ondotlitrmic, and, viiry possibly, unstable: if tliis wore tliiO case ft 
might he posiuble to cause its formation at a liiixh temperature a»d .nrosorve 
it from decomposition by rapidly cooling it to a low tempcratjire. Fif,l;ier, ' 


' Moissan, rend., 188j^ ;? 20 , 966. ^ < 

* Rayleigh and Kuiusia^, Phil. Tramt., 1895, i 86 , 1^/. 

" *i?am»ay and Coil.e, Proc. Rvy. Soe., 1896, 6o, 53. -- 

* Ramsay and Collie, he. cih 

® Rayleigli and Ramsay, Phil. Trans., 1895, l 86 , t87; Ch*jokvg;' News^ 1895, *72) 
99 j Ramsay, ihi^r, 51 ; Her., 18^ 8 , 31 , 3111»* ♦ , 

® Rapisay and Travem, Proe. Roy. Soc., 1897,' 61 , 267. 

’ Sieverts and Hergncr, Her., 1912, 45 , 2576. 

® Bi^’lei^tt-anjl liamsayVfoc. • 

“ Seft HSi, ,4iur. J. A'ci., 1895y.[iii ], Sp, ^591' 
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w^reioro, advised at^ apparatus in which an .nv ui opuiv aisonur^jo catft’d be 
maintained bfttwooii metallic electrode^ siibmlrgeii in liquid argon. Various 
metals were uBed^cadmium, titaiftuui, tin, load, .fntimoiiy,^aud bismuth— 
and in some cases small amounts of metallic nitride were formed traces 
of nitrogen pri'sent in the argon,^ut m no case was an^ criflenoe ♦bbained of 
ooq^ibination betwe<m the nu'cal and urjond 

Such are the negalivo results liitherio obtained : it is, however, necessarjf 
to give a b'-ef resume of those cases which have been piil forwarchas positive 
evidence of the formation or exislorice of compounds of argon. • 

It is a fact that if a powerful discharge bo sent tlirough ai^fou in a 
vacuum tube having platinum or magnesium electrodes, the spectrum of the 
gas gradually diminishes in intensity and lixiilly vanislies. This phenomenon 
at first received the obvious explanation- that the argon was abscised or 
occluded by the electrodes;'^ but it is now known Ibaf the inert gases, 
when freed from ordinary diatomic gases by combination of the latter with 
the electrodes, may Become fiuorosi^ent and even non-conducting at f^'5sauref 
measurable on a mercury barometer.^ On the other hand, attention has 
been called by llamsay^ to tlie fact that electrodes of platinum, magnesium, 
aluminium„zinc, cadmium, antimony, and mercury* always exliilht rupre 
“spluttering” in inert gases than in hydrogen, oxygen, nitrf*goj^, etc.; and 
that vacuum tubes filled with inert gases that have bee^ fbnfincd over 
meupury more fniquontly show the spectrum of mercury tli.au do tubes 
similarly filled with ordinary gases. • 

Again, Cooke iTas stated that the vaponr-donsity of zinc is 12 pc» cent, 
higher in argon than in nitrogen, and this has been put forward as evidenqp 
of a tendency to form a compound.^ But it 1ms since been shown that 
C(xike’s results are unti^ist^worthy, and the vapour densities of zinc, aluminium, 
and magnesium are u»ifie(dcd by*the presence of argon:® this argument 
therefore falls to tluj grouivl. • 


A very extensive series of o^perinuflits w^is made by Berthelot in order to 
ascefit^n the ellect of tl*e silent elca^tric diseharge on i^ixtures of argon with 
the^vapoi^i^of volatile organic compour/Us—*lK)th fatty and aromatic—and of 
carbon disulphide, in jircsencc of mertairy vaptiiir. With the aromatic 
i’ompounds (but, not with the aliphatic comj)ound8) nn absorption argon 
was recorded in every case. The diminiition in volume of the gas^ varied 
^^•om 1 per*cont. to 8#])er cent, in various cxporimentH, jflid was accomjianied 
by a green luminosity the spe(^trum of wliich flowed file lines of argon, 
mercurj^, c-V‘bon, and hydrogen.’^ • 

At one time.it seemed probable that sulTicient care liad not bi'cn taken to 
oilkure thi^ removal of nitrogen fivmi the gas, and that the'phenomena observed 
Wttro due# the presence of that gas;** but Itai^.say has repeated thetfc 


> Fischer and Iliovici, 41 , 3802#ii'^-1449 ; 4909, 42 , ^27; Fischer and 

Schroter, J910, 43 ,*i 44‘2 and 14W.. • 

* * Trooat and Ouvra^, Cotijfl* , ISOri, I 2 I, 39r;*Friedl^uii‘r, Zeitsch. ^hyaikal, 
CA«m.,lfi96, f9, ^ • 

^ Sodfly, Proc. Roy. Soc., 1907. 78 , 429. ^ . 

* See note to paper ,SV.,t906, A, 7/1 

** Cooke, Ztiheh. physmeu. 190^, f 

® "V^n Waftonberg, 67iCi<L, 15 a)7, 56 , 320. • 

’ Bertholot, (j^yt^rend., 1895, 120 , 681, 1316, 1386 ; 1897, 124 , 113; 1899, A 9 , 71, 
133, 378. ■ * • • ^ a 

® Of. Dori^and Erdn\jmu, Ann%.lm, 111^6^287, 230;Jlertlielot, w897,. 

124 , 528. ■ • ’ ■ 
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etperin*ients^ii|id*ha8 found that wliilo both argon ana nitrogen are present, 
the ordinary violet glow is observed, b^t when all nitrogen has remove, 
^uhe tube gives ^ brilliant green glow which shows the mproi^ spectrum* 
The contenjpVition of these results has a v^ery disquieting effect upon the 
mind accuS«o^.nod' b.) regard all these gases as invincibly indifferent to all 
other elements, and further experimcilt seems Co be needed. , 

Villard states that wher pure argon is compressed* at 150 atmospheres 
in the presebce of water at 0“, local supercooling causes the forncatlon of a 
solid, crystalline liydrate. Tiic dissociation pressure of this body is given as 
i05 atmo'jpheres at 0“ and 210 atmospheres at lO’.^ 

Detection and Estimation.—Tlie detection or estimation of argon in 
a mixture of gases is carried oufe by methods essentially the same as those 
used for its preparation. For example, in detecting the argon present in air, 
oxygen is absorbed by metallic copper, and nitrogen by heated lithium, calcium, 
or Maquenne’s mixture, and the residual gas is examined spectroscopically, 
f'airly'Complete removal of nitrogen is necessary, as^its spectrum readily 
masks that of argon ; oven 37 per cent, of argon in nitrogen can scarcely be 
detected spectroscopically.® To estimate the amount of argon present the 
same procedure is followed, except that special precautions arc tjj,ken to pre¬ 
vent any leakage of gas, and the last traces of oxygen, nitrogen, and hydrogen 
are absorbed isy red-hot metallic calcium. The method of using lithium as 
an absorbent for nitrogen, etc., has been elaborated and used more espccij^lly 
'by Schloesing.* ‘ 

The purity of argon may be tested by a detormiruitioii of its dielectric ^ 
cohesion: 1 per cent, of air or other diatomic gas multi])lies it about 2^ 
times.® 

Atomic Weight. —As argon forms no definjto ^compounds its atomic 
weight cannot be determined in the usual manner; intAced, the usual chemical 
conception of the atom as the least part of an oVnient whii-h exists in the 
molecules of its compounds cannot he Ifbld in reference to argon or any otlicr 
of the inert gases. The molecular weight is detorinihed accurately fr^.the 
density; and there is much evidence for the belief that the p'^'^ecule is 
monatomic and that, therefore, the atomic weight is identical with the 
moleculy weight. * 

Argpn shows'a close reseniblanqe to the monatomic vapour of mercury in 
possessing a very low^Vlielectivc colicsion (see p. 339), aiyl the vahie ohtainetj., 
for the thermal conductivity of the gas points to simplicity of molecular 
structure (soe p. 340). What is usually regarded as the most coijoln'sivo 
evidence in this respect is obtained by the determination of tlie ratio of the 
specific heats at constant pressure and constant volume: the vjilue TOil, 
obtained for argon, is in agreement with that calculated fronp, theoretical 
considerations ® and fomid in the case of other gases whicli a^re ;dmo8t co^^ainly^ 
monatomic.'^ L J. Thomson’s method of an 9 ly 8 ic by positive rays points , 
definitely to the same conftlusiofi (p. 295). - ', ^ ' 

'■ * See note, he. clt. 

* Villard, Compt, r«nrf.,'1896, 123 , t, , 

* Collje and^lamsay, Proe. ^^oy. Soc'., 1896, 59. 267; SOTmult, Ann. Physik, 1904, [it.], 

14 , 801, h ' * t ' 

* Schloesing, he. eiL, 

’ houtf-fiCompt. rendt, 1907, 14 '^, 225. 

*. s!ee tlns.y^ol., Part I., p. 97 . '• 

* See ITcliung p. 328. 
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» i'ne wWk ot ttotvijs, Karasay, and Shn'ius nas anown inai) ist' dot. 
associating %iiids the value ot the (jitc ol*elia»ge of the mofeAilar aurfac 
■ energy with the %mporature is apfiroximately cont-lant (C.6.S. - 2'12 units) 
The surface tension ot liquid argyn has heeti dotcrniiued by obijpifation of it 
rise in a capillary tube,' and from the.se results tliq nuHeciiiaa weight 0 
argon in the liipiid state is calculatifd to bo l.'i !), a figure in suHioie)'.tl' 
good agreement with Jhe accepted vahie .39 9 (0 Hi), • 

Lastly, there is the evidence of the general relationship of argon to„ihi 
other inert gases and to the elomcnts in the first and seventh'groups of th' 
periodic system. With one exception these relationshijis uro in j,greemen’ 
with the position in the system occupied by .argon, it it i.s given the atomt 
weight 39'9. The exception is, of course, Ahe anomaly that oxi.sts in the fac 
that argon, if it is to occupy a place among the elements of tlroupT), nuts 
precede potassium, the atomic weight of which is .39'1. 'fins disturbing fac 
mqst not, however, bo. permitted to obscure our vision of the greater numbe 
of considerations which confirm the accepted atomic weight. ». • • 

The International Atomic Weight ConimiUcc in 1911 adopted the valin 
39'88, which is still (1917) to ho foun<l in thoir tahlo. Tlio clonsity measure 
ments inaie by Schultzo in 1915 indicate that ithis fi^nro is tob^lov 
(sec p. 337). , 

>w>Application. —Ar^on is used for fillin^LC certain types of w1et.il filamen' 
elactric lamps ^ ^ 


^ Walden, Zeiluch ^hiisiJcaL Chfni.^ 1909, 65 , 129 ; Ir.tly and Doiman, Chen\ 

Soc., 1902, 81 , 914 ; RuiJrirf, Ann. fkysik, 1909, [iv.t, 20 , Tf'l ; Cromiiiehii, Pror. Chem 
.b'oe., 19M, 30 , 248. ‘ • 

® In tins connection, for the analysis ef argon-iiitrogi'ii niixlmvs, .sm- Haiiihurgcr «in 
Filippo, Ckm, WeeHlad., ltll.''>, 12 , 2f Z'->(sdi. niiqm <'hnn , 1915, 28 . 7.5 ; llolat am 
Mambnrgei', I'idc, K. Ahut. IViUnsr.h. AniAmUn)!,, ]91(i. 18 , S72. 
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, KRYPTON (Kr), 

ijist0i;y.— Krypton was discovered by Ramsay aivj Travers in the 
residues Trom the evaporation of a largo (juantily {dO lilies) of iK^ukl air 
used for tho Ikpiefaction and isolation of argon.* From these residues a gas 
was obtained wliich had a density of 22*5 (H - 1), whicli had the ratio of tho 
specific heats, Cp/C„=TG6, and was tliorefore presumably monatfounc, and, 
further, gave,^^^^!!*^}' new spectrum. This gas was named krypton (h-puTTroV, 
the hidden on!^.' *. 

Further investigation of these heavy residues yielded yet another 4^^ 
having a density of about 65 and a spoetruin distinct from hhat of the other 
leases: it was named renon (^eVos, the stranger). 

< Ladcnburg and Krugel evaporated a larger quantity (850 litres) of liquid 
air, collected tlic least volatile residues, reliqueiied thi^j. gas at tho tempera¬ 
ture of the liquid air, and fractionally evaporated tKe liquid. Their results 
confirmed thu^conclusion of Ram-say that two inert gas^s, denser than argon, 
existed in small amounts in air.“ , * 

Occurrence. —Krypton oecun*. in the atinos'‘|)]iero,to the extent of about 
1 part by voiumo in 20(000,000.** , It Ipas also been detected spoctrbscoptKilly 
in the gases evolved from twenty-six mineral springs in France.* dM.e amount 
present is 1'2 times that in hir.^ 

Isolation.— yitherto krypton li.is b(‘en obtained ordy from tho atmo- * 
,sphere, and the methods that have'been used for its isolation wiU now bo 
described. , 

A mixture of krypton with xenon and trac(!s of other gases may tbe 
obtained froirf' liquid air by allowing tho more volatile constUuerfts to 
evaporate (vide ^uj>ra). A better method consists in passing a stream of, 
dry air free from carbon dioxide through a spiral tube tilled with g'lass-wool 
and cooled in a bath of bofiing liquid air. Tho pressure of tlie air'^p^dn^’ 
through tho apparatus is reduced below the vapom- pressui‘e Of fcryptou*^ at 
the temperature of tho bath, and, un»ler these c6nUiCionfl,impure krypton is 
deposited as liquid (or soU(t)^ in the tube, togethav with kenon (md a little^’ 
argo^.f ‘ *"■ ^ ^ 

* Ramsay, Ber.y 1898, 31 , Oltl; liamsay and Travrs, Five. J^mi Soc., 1898, 63 , 406, 

* Ladenburg Krugel, Sitzy/iigsber. 'K. Prnm. Akad., n)00, j). 727. ^ 

® Ramsay, Proc. Roy. SoCi, 1903, 71 , 421 ;'l90/^, A, J) 0 , 59?. ^ ^ 

* Moifl-eu and Lepape, Goinpt. rend., 1909, 149 , 1171; Moureu and bjquard, Coinpt. 

rml., 1906, 795. ^ ’ 

* M<i^re« and,Ilcpape, CQirvpi. rmd., 1^11, 132 , 934. ' 

** Dewar,'■/’rSc. i'oy. 80 c., 1901, (f8, 862.’ / 

* • ‘ 848 «. 
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A ao^araiionfoi Krypton from xenon may bo effejJted bj^^taking 

a(f7antago of the diffcrei*ce between the vapair pressMjres of ^liOBCn suratances 
at the tempe\ture of Ihjuid air (U nfin. aim 0-1? nun. respectively). From 
the mixture or solVl kryploii and xenon a gas consisting chiefly of krypton, 
with small traces of argon, tn^j be pumped off. Sonie^ kr^)tt>u may bo 
retained below the surface oi tbe soliel^fied xenon, but thiS can UeRemoved, by 
alternate vaporisatioi> and solidiiication of the heavier • 

. The cooked eban^orjJ metliod (</. p. o24) is als(fa])pli®ablc lo Uio isolation 
of fairly pure krypton and xenon. It is found that if “atinosplierio” argon 
is subjected to tlie action of coeoanut eliarcoal cooled to a teinpei-atiiro ol 
—120’’ C., tlic whole of the kryjiton and xenon and sutnc aigon are libsorbed. 
By placing tlie first charcoal bulb in connection \\ith a second cooled in liquid 
air, nearly the whole of the argon can bo roftioved. If the t<'inperat.ure of tho 
first bulb be then allowed to rise to - 80" C., pure kryptop is evolved, while 
at higher temperatures (up to 0" C.) a mixturo of krypton and xenon is 
obtained. Thi.s inixljure may bo freed from krypton ly coudens^i^ it 
charcoal cooled to -150" C. and then putting tho first bnlb in connection 
with a secoinl cooled to - 180 * ; tlio kry])ton then passe.s over and condc’isos 
in the charcoal at the lower tcmj)orature, leaving the xenon in tlio lirst Juilb. 
Tlic two gflses arc then liberated vSO[)arately from tlieir resp<*ctive bulb^ by 
allowing Iboin to warm up to the ordinary temp(‘ratuie " * ^ 

The crude krypton* obtained by any of theso methods ntust be purified 
further in order to fit li for the determination of physical constants. This 
can only be done by some process of fractionation, a good exiiinplc of which 
is found in tho work of Moore.'"* 'I'he residin^s from tlio e\:iporalion of 
120 tons of liquid air wore first fractionated at tlie temperature of liquid rwir 
{vide svpra)^ and the i^ipure krypton thus obtained was condensed in a btjb 
cooled to - I/IO'* C. in a lltitb of Ihjuid air and light petrolcnm. Tliis liquid 
was fractionally evaporated, and the thiee fractions obtained .were further 
fractionated in the manner Tndicated yi the following diagram :— 



The fractions 4, 8, 7, and 10 wcio rejected as possibly ffoutaining argon or 
xenon,*whi]|P fraction 1) was taken as pure krypton. ^ 

Properties. —Krypton is a colourless gas. It has not been stated 
dtfinitely^whcther it has any odour or taste, and indeed dt is^iossiblo that the 
Uiperimciitjias never been tried. Tlicre is, however, no reasoft to suppose 
differs yi yds respn-f from tlie oilier members of the group. 

The dcnsltti of kryjitottV.m originally determined by I’amsay and Travers, 
but as flioy ha<l their* disposal oiilj' P2 c.c^ of gas, weighing about 
O’0-15 gram, their r#sult#va?!, lyiifcurfdly, only apfiroxim^xje. 'J'lio valjie of this 
constajjt w^ redet*n*mitied» with great care by Moore, usinpi»fraclious 8 ftfld 9 
of his gas obtained as described iiliovo. K»aetioii 9b \yis further refractionatel3 
_•_ _ __♦ • 

* fia]iisay'aii(4Tra«'r.s, J’rSc. Jioy. .SV)<-.^1901, 67 , 1129; Liveftig and f)cwar’i.Vu(i., 1901, 
68 , 889; Mooref TrmiSi. Ohem. ^oc., 1908, 93 , 2181 ; Hinj. So-\, 1908, A, 81 , 196. 

® Talenti|p:i'a^id Schmidt, Sitzmigshcr. K. Aiad. Was. BeHUh, 1905, 38 , 9*^1. f 

* Moore, Trar^. ClifiifU ^oc., 1908, 93 , Soc., 1908, 
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ten tirfss by Jlamsay and Cameron, and tlie«deii8itj of their final pro^opt 
determined, ,The valu| found in the mean was 4^'600 (0 = 1^),* i,e, the 
weight of a normal litre df krypton is 3'708 grams. / ', ' 

' The comprembilihj of krypton has been measured by K^msay and Travers 
at considerable pressures (over ‘20 metres o{ mercury); their results shot? 
that the i7»lf.e o( V^'^lecroasos markjdy with increase of pressure. From 
I critical discussion of the available data,® it seemii probable that at« 0" 
and between 0 and 1, atraorpheres the compres3ibility,cooftioient of krypton 
is -:-0-00218. • 

< Assuming the accuracy of this figure, and calculating according to the 
method of limiting densities, or calculating by Guyo’s method of critical 
constants for an easily liquefiable gas, wc find for the molecular weight of 
kryptop the value 82 ' 92 . ' 

The solubility of krypton in water has been determined with two samples 
of the gas.'* The mean result obtained for the absorption coefficient was 
j’1249 at 0°, 0'078S at 20’, and 0'0823 at 50’. If th^ solubility be plotted 
againsf 'fomperature, the curve shows a distinct minimum solubility about 
30’-40’ C. 

T)ie visoosity of krypton has been determined by llankiuo with the 
apparatus described under Helium (p. .309). At 10'6’ C. it kas a value 
1’361 times.t.hitt of .air. Its v.aluo at 0° in absolute (O.G.S.) units is 2'334.* 
If the incrcal5h cf viscosity with temperature follows a,linear law of the type 


then 


>)« = >)o(l +W. 

,8xI0''- = ,308.« 


, The refmctivKfj of kry[)ton wan first detennined ]r)y Uie discoverers, who 
found it to be 1’449 times that of aiiv Jjatcr dtftcrminalions ” have ^iven 
the value /a- 1 = 428‘74x 10"® at N.T.P. for th6 green mercury line 
(X=s6461)j and its dispersion at N.T.P. is givcfai by 


where 

and 


1 u 
r 1 = -y- 

- 7A“ 

C-10-689;ixl027 
V=l?i7fi7-9x 102^. 


The passage of un clectlical discharge through a vacuum tube containing 
krypton causes the emission of light of a jiale-violet colour.® It is^ fotind 
that the spectrum of this light is profoundly infiiieiicod by the nature of the 
discharge. That obtained with the direct discharge has few lines, the chfcf 
ot which arG in the yellow jj-nd blue, with a group in the green.; 
when a jar and spark-gap 'are used shows a large number of Jinea in th4jJ>hie. 

f n 

* Moore, Trans. Ghem,. .Sofi.olOOH, 93 , 2181 ; '/..Watson, ihitt , 'lOlO, 97 ,^ 88 . 

® Ram^y and Tiaverij /Va/.‘/^ans., 1901, 197 , I’roc.tHoy Vac., 1901. 67 , 829. 

Watson,/ac . • ' ' / 

• * AntropolT, Pror. lioij. Hoc 1910, A, 83 , 474. 

* Rankine, Proc. Panj. Hn.y 1910, A, 83 , 619. 4 

« Rsnkine, , 1910, A, 85 #. 181. *• 

’ Ram^/and Travel’s,/Yoa. AVy. AW., 1901, 67 , 729. t ’ . w 

* 0.*and M. Cuthbertson, Proc. Hoy. Hoc., 1910, A, 84 , 18; cj. 0.^(Juthbertaon and 
Metc^fe, 1908, A, S'), 411; O', ur^d M. Cuthbertson, ibid., 1908, A, ol, 440. 

“ .Bum^y Travers, Proe. ^oy. Soc., 1901( 67 , 82J. , . ’’ 
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A list of the principal lines «n the visiblo*part of these aivctra id given 
brtowi:— • • 

Accurate Vctorminations of the w#,ve-length 6f certain krypton lines, by 
comparison with ^e red cadmium fine by an interference mq^hod, Iiave 
made.2 ^ ^ 

FIRST KRYPTON SPECTiSuM. (Uncondensed discharge.) 


• * 


. '1 


JVavc-Lcuyth. 

IvtcnUty. 

iPave-Laujth. 

InUn^ty 

.W7M2 

10 

4451 12 

10 

5570-r-o* 

10 

^4400 11 


6562-45 

6 

4376-33 

10 

4671-40 

10 

4362-83 

, 9 

4624-48 

10 

4319-76 

' 10 

4.502-56 

9 

4318-74 

8 

4.501-1,^ 

4463-88 

7 

10 

4274-15 

10 


* Probably tho giocii auroral lino.. 


IND KRYPTON SPECTRUM, (Condensed disch<?t-, 


'''avc^jcug/h. 

lnlr.)iKil,y. 

IVavR'TMiglh. 

InlensUy. 

6633-17 

(5 

4109-38 

6 

4765 90 • , 

G 

4098-89 

7 

4762-60 ^ 

5* 

40S8 48 

8 

4739-16 

7 

4067-53 

5 , 

4650-04 

• 5 ^ 

4065-22 

8 

•1634 05 . 


* 4057-17 

8 

4619-31 

6 

4050-62 

f, 

4616-46 

5 

• •4044-80 

.5 

4677-40 

6 

3998-10 

.5 

4523*32 

1 5 

3994-llt 

6 

4475-18 

' 7 

3964-90 • 

^ 5 

4365-67 

10 

^ 3920-2!) 

: • • 8 

4317-9^ 

5 

' 3917 76 • 

6 

^800-67 

5 

3912-#9 

• 5 

4293-10 

6 

3906 37 

8 

4145-28 

6 


- 

.. 


_ 



this* comiuction it is of interest to nof('«tliat the spectrum of Mie 
iv/rWnborehli»c.(fL\iQ\i\^ a jinuibor of strong linns, all of which coincide exactly 
BTith prominent lines in th* f^pcctrum of ^rynton.^ ,ln p:u’ti(?ular this is true 
}f the line V=557(>,*which is known to persist iii siioctrum of krypton at 

• 1#*^ *• * 

)ros 8 ni»s a^loiif as*~ atmosphere. The prcssiitf*of ^lo atinosph^iff is 


^ •eeBaly, Proc. ^y. Soe^, 190;^ 72 , 84 ; V/iiL Transf, 19(13, A. 202 , 183«jV‘ biveing 
.nd Dewar, Pr(f Jiojfi Soc., 1901, 68 , 360; • 

® Buisson an(i;Fabry, Compt rend., 1913, 156 , 945i 
* Liveing^ndjDcwai; Proc. Jiof. .S’or., J9€U, 67 ^ 467. 

• : V • / 
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of this^t-'rdor of magnitude at a height of 80 miles, a jfeight within the limits 
(50-1mi^e?) &t which the aurpa has been observed, it is hardly possibte, 
then, to avoid the conclu8?on that tin northern lights arc d/e, in part at 
'least, to the presence of krypton in the atraospliered Tl^ nfeasurement of 
the intensity of the lines of the krypton epoctrum has been used to estimate 
the propo?tifln prdsert in various spring gasps.^ The Zeeman effect in 
jfrypton has been investigated l>y Lohmann.^ 

Krypton is easily liqu<ffied at temperatures abovcv that of boiling liquid 
air*, it boilfl at - Ihl"*? C. The vapour-pressure ratio is O'Ofd? (p. 294, 
(footnote). The density of the liquid at its boiling-point is 2'ir)5 grams 
l)er C.C., “■A'honce the molecular volume-= :i7'8 

The critical temperature of the liquid is - 62‘’'0 0., and its critical 
pressure is 54*3 atmospheres.'* ' 

Krypton may,bo easily solidified by cooling in liquid air: it melts at 

^ The epecijic heat of krypton luis not been determined, and formerly,the 
only data available as to the ratio of the specific heats were obtained with 
mixtures of krypton with other inert gases. This ratio has now boon 
determined with a sample of pure kryjiton; the method used was that 
described under Heliurll (p. 31 f>), and the Ibllowing are the data obtained with 
air and kry^o'h examined successively in the same tube;— 



7’emp<’r<i- 

}[<}!/ 



fare. 

Wavc-LcvyHi. 

Jjcftsify, 

Air . . . 

W' 

27 92 

14-48 

Krypton 

19- 

' 18-13 

, 41-46 


Hence for krypton the ratio (t/C„= 

Atomic Weight: —It is believed that krypton has a monatomic nr-kcule 
and that the atomic weight is, consequently, identical with th^^uiolcciilar 
weight and =82'92 (p. 34o). The reasons for this belief may be summarised 
iriefly a': follows :-r- 

(1) A’he ratio of , the specific heats at constant pressure and constant 

volume upproximv-tes closely to 1 '667. ' ^ 

(2) The general properties of the gas indicate that it should occupy a 

position in the periodic classification of tlie elements between 
bromine (at.wt. - 80) and rubidium (at.wt. - Sfifi), a position w'ijjh 
which the atomic ^weight given above is in agreement. ' 

(3) The positive ray^ method of analysis indicates tliat "tlm ^s.'is, 

monatomic. ' < ' ' " 

* See Baly, loc. cif .; Pago, Phjs. Soc., 1912, 24 ,^^ 138 . 

* Mourju and Lppap(>,^'omp^-.’rcji(i.. 19J1, 152 , Off’. e 

Lohmaiin, Zeit.-h. Ivv^s. Jdioloclum., 1908,6, 1, 41. ' 

^ * Ramsay and Travers, Roy »So;., 1901, 67 , 329 ; 1'hil. JVaa.s’,, 1901,tti97’ 47. 

® Ramsay and Travers, lU. cit. ; cf. Mbore, loc. cii .; LaiJeubnr^; and Kriigel, Sitziingsbar. 
K, Preus^ Akaih% ffiss., 1900,212. 

" Rjjjnsiy, Proc. Hoy. Zy , 1912, A, 86 ,100, 





4iiiiia;,of^ iljifr; fWcWes Wtaittn eraporitioa ISO' 

XeBOE-io quantity sttfficieat for'Its:thpronjffr.Wftif'twilpliift 
TEese residues were freed froD" krypton and other 
of ifqaid air hide mtpra^, and tha impure xenoh tinis 
.wis'fthotioDated - at - 130' C. I’ho mean of two determinations roads 
i^rest fraction gave for tl:e density tlio vaiue 65-36 (0 = 16),’ pe. a no’ 
litrhof xeiion woiglis 5-851 grams. * 

. , The comfiressiUHty of xenon was investigated by lliimsay and TravefS 
ctf.), wh6 found tliat the value oi pv deereasod very raai-kedly as the presilll^' 
irosreased. This behaviour is, of course, quite in accordance with the fact .i 
that the criticai temperature of- xenon is about the ordinary temperature, at r 
-which the experiments were conducted. Calculating according to GuyeV 
method of Critical constants, wo have for the molecular weight of xenontthh ' 
value iqO'22.® From this result it can be calcidatqfi indirectly that -atlO* . 
'and fofween 0 and 1 atmosphere the compressibility coefficient is equal fo 
+'0'00690. 

Xenon is relatively very soluble in water, its absoiption crnffieUnt being 
6'fll89 at 0’ C. and 0-0878 at 50° C.: a point of minimum solubility occurring', 
at about 4Q” C.® 

- The vistosi'y of xenon at 0“ C. is 2-107 x 10“‘ and if its variation with . 
temperature is given by the linear equation: ' ■ , 

= (1-h/’d), ■ „ 

.then* - /l = 3-39xl0-». 

< The refntdiviti/ of the givH for white liglit vyab originally found to bft' 
2'36;|r times that of air.^ Later detorniinations have given the valw 
-/t-1'=* 705 49 X 10“® for the green mercury line (X = 5461). The dispersion 
N.'T.i*. is given by the equations: « 

^,-i=o^oo(j823(r^5^), 

op 

. /■ 

4here'Cx 10-” = 1212-118, -()„■’x 10-” = 8977-87, and is the frequency 
t^e light.® ' ' ' .r 

i*. The passage of an uncondensed discharge througli a vacuum tube ckntahiing 
'.isfibncauses the emissiou of light of a sky-blue colour;’ if a spark-gap„kBn 
Leyden jar,be interposed in the circuit the colour of the light changes to grespi 
;7?biiB; change is similar in character to that seen under similar-Bpaditiotis-in 
'belium and krypton; and xenon, like these gases, has ttvo spectra?' A lif4 
.^rf tbS/^ore ptominent .lines of xenon is givenjejow®:— ', 


3Vons. Clmn. ^<)C.;'-f908, 93 , 2181; Wxtwu, tifd,, 19*0, 97 , 7 .. 

fatsos, Tra.i. (Mm. Sot,, 1910, 97i 833. - 

■.•..58 Anbopoff, free. Key. See., 1910, A, 83 , 474. 

Key. Koe’, 1910, A,*34,181. ' 
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fSya'ftS’SL CothberK-on, Pmc. Key. Soe.,(m, A, 81 ,'140; I-OIO/A, 
and-Travers, Tree. Key, See.y 1901, 67 , 829.V 
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SECOND XENON SPECTRUM. (Condensed discharge.) 
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-iPhe Zeeman effect in xenon ijan been studied bv Lolnnann.^ 
The*rati® of the specific heats of xenon has been deterniine^J by 
to Kundt's method. Tlie following data were obtained 


>^tio = 1 ‘^66. 


‘ I»ohm4nn,‘i%ys»^I ^itsch.fl906, 7 , ^9. • ' 
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CHAPTER VII. 

« 

NITON (Nt). 


—Tho Dam% niUm was given by Cray and Ramsay 
'x^ahation,' Its history is, naturally, closely involved with that of r^i^ 
ift^ Sadium, Vol. III.), but it may be mentioned here that its discover 
JthibJto Porn.'* It was early recognised that this product of tho radid^ijtlt' 
l^dimntegration of radium was a gas, and resembled the inert gases In4t 
■^inidiiOferenco to platinum- and palladium-black, lead chromato, 'Aue and 
jnSwum -powder, and tmigncsium and lime at a red heat, •to phosphortt 
.’btpraing in oxygon, and tji sparking with oxygen.® • ’ 

vJVhen, by the, remarkable experiments mentioned lateP (p. 367), ii 
aeiisRy was determined and tho molecular weight thereby found to be’aboif 
-$23, it became evident that, were it a monatomic gas, it would find a plaop li 
f^e'^riodic classification in the group of inert gases and in the same spriji 
iiS’rftdinni. It tuts siucc bSen fouiKhthat its other physical properties acej^ 
twefl- with those to be Expected in an inert gas of atomic weight 223 (se< 
■•'Bible I., p. 294), and nitoit is now, by general consent, given a ftlaoe. 4 
•jSroupO. . • * • 

.‘j^ttirrence.—Niton doubtless occurs inall radiut# minerals; but as il 
■’)tt5<5.rg<SSS radioactive change and only a minute amount can be present,1* 
;«^ilibriufti with the small quantity of radium, it is hardly surprising thit-lf 
itiafiot hitherto been detected. * , • '-v) 

’■' ■> It is undoubtedly the case that some iwdioactive substance is pr^nt 'ft 
'.'t|||)x4tjno3phore„becailke a negatively charged wife,eipoae(i to air acqsdraS'.'i 
Ibfi^til'e deposit which can be removed thence by solution in ammo|)lb«(i| 
i^btng.*^ Observations on the rate of decay of this depo.sit indicts t^^ 
to the presence in the atmosphere, of the emanationt^of thoriilln’ift^ 
him' deflved from thorium and radium contained ip the soil®. The se|e^s§ 
niton and thorium emanation preserft in the lowef les^^ 
here'ap^ar to he very variable,® and it has been,founil fhh0|J 




tinft propose^ ^ substanco ^xradio \ Ramso;^ 



3160: 

S^tolai fii th^iApenntnes, 'at a .hefgbt^f SScIO f©et^"p6 ^ 

atmospheric^ activity due* to tboriu®i varies-ffom,, 29-73^ 
generalit may^be said that'thorium enShtjafion ptepond^rates in 
levels of tjieAtmosphere and niton in the hjgher levels.. '. , y-^^t 

^ The 3^.Qunt Cf^i^on present per cubic metre of air is approximate ^"i 
which would bo in cquilibriiim with 1^0 x 10“^^ grn. of radium.^ ' , v. 

^ Isolation. —Niiicm is ^lontiimously formed by th^e radioactive .change 

radium and its salts under all conditions. Solid radium salts Always ^haid. : 
.the whole o^the niton—presumably in a state of solid solution,—but tSe-; ' 
greater part of the gas may be driven out by heating to about 800*. The y' 
proportion retained decreases as the temperature is raised and is independent.' 
.of Che duration of heating, buh varies mueb with different .preparations.?' 
The niton may be pumped away directly, but the amount usually handled 
■is 6o minute tliAt it is necessary to wash it out with another gas, e,gy 
^oxygea \ 

"when an aqueous solution of a radium salt is Kept in a closed nask 
niiton is evolved, together witli oxygen and liydrogen produced by the 
decomposition of tlie water. Tlie amount of niton increases rapidly during 
thfi'first few days ami afterwards more slowly until, after about a month,' 

' the maximimv amount wbleij can be in e^juilibrium with the radium present 
IS reached. ' 

The hydrogen produced is about 5-10 per cent, in excess of Chat 
equivalent to the oxygen present: this is probably'due to the action of the 
penetrating rays of radium, wliich bring about tlie conversion of water into 
hydrogen peroxide and hydrogen."* On exploding the gas, all the oxygen- 
and most of the hydrogen are converted into water. If tlic residual gas be 
passed through a copper or glass spiral cooled in liqiud air, the whole of the 
niton is condensed, and the residual hydrogen, togrthcr with any helium 
produced by the decomposition of the niton dvring the time it has been vri 

- ,the flask, may be pumpod olT.^ ,A similar method may bo used to condense 

■ nitop from air.*^ Tlv^ gas thus prepared usually contains a small^mAunt 

of.carbon dioxide produced by tiie c.vidation of adventitious or^anit matter, 
but this can be removed I'-y prolonged contact xsitli baryta. 

The amount of nit(in which can be obtained from radium is very smallp 
as will 1)6 readily realised from thq fact that the maximum amount that can 
be in 'equilibrium^ v.ith 1 gram of radium is 0*585 nibic mm. atN.T.lV, 

- Special methods have to be adopted in manipulating such minute quan^ties 
of gas, but 9 pace does not permit of their description here: the reader who 

'■* is specially interested is referred to the original memoirs. 

.Propertied.—Niton is a gas. This can be said with certa'nty, as,’it 
■'can be manipulated as n ^as by means of a Topler pump, ca»t -be .|ee*f'ta 


■ ^ Physikal. Zeit<Kk., 19](l ii, 227. ' • ;. ,1 

• ® Asbngto, Amer. J. Sci., J908, [vi.], 26 , 119; Eve, Ma^,'i^07, [yi.], ’ 14 J 7jt4 ; w 

y-^AoEve,(<1nd., 1908, fvi b l 6 , ; Satterley, tfcitf.,^908, [’.i.], i(5^ 68,4; 1^,10, 

•1909, 6 , 321 ; 7 , 266. . ' ‘ 

t h . '^Dabieme, Compt. re^.. 1909, 148 , 703 ; Le Radiun, 1909, 6 ,. 65.; KiSrabai;^; 
' yCo 7 ]i 0 . 1909, 148 , 766 ; 149 , lieVid 273; Ia. A(«ii/jwn,,1^9, 6, 226. .. 

’ Colhe, Proc. ^oy. Soc^, ^04, 73 , 470 . ' 
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•j., :^-B^t.h«rford, Phil. May., 1908, [vi.], 16 , 800; Riitheijford amp Boltfepod, 

PJkik, 1009, 5 <., No. VI.'; Rutherford and Gwiger, Proe. S^,'i90$,' 
•'•%‘46i‘^l^latea' value)/, Gray and BArasay,^ TV^an#. 1909, S5*,W73'5il^j@^ 

148 , 1264; 191^, [ix.], ^ If 







W the glass tubes of the apgwftt^fc? 

kw^yidd can T)e*Jiquefi and solidi^ipd h>y owliug,* .«is 
by transtolit^ light.' ' • * " . ' , ; 

, „ :’^The dsksi^ of the gas has been determined by direct weigtog on * 
nsierobaiantie sensitive to 2x 10^* milligram, with a weifj^it dE 
Older ‘Of ragm.: th» mean o% several exporiftiouts ga*ve the 

(H = lj.^ This figure is in general agreement with the results ^ 
the effusio’^ experiments of Dei)iernc^ and Perliins,® ^hich gave the Vi^uef 
llOand,117-5 respectively.'^ ^ •' ■ 

'As radium (atomic weight = 22fi-0)® is transformed into nito^ with th! 
loss of one a-particle, and as the a-particlo is l)e)ievcd, on excellent grotuSdSi 
to be identical with the atom of helium, it is to be expected that the at(»3ri|c 
weight of niton would be 22C-0- 4-0 = 2?2-0. This figure agrees well with 
the molecular weight calculated from tlie density det^irminations quoted 
above, the one adopted by the International Commission is 222-4. 

•Niton is soluble#in water: its absorption coefficient is appiwjknatelj 
0-5 at O', 0-3 at 15', 0-27 at IS’,;* 0-23 at 20’,’ and 0'15 at 40V® ^huB 
has a largo temperature coefficient. Above 75° C. the value of the absorption 
coefficient becomes very nearly constant and approximately equal to 0*J11P.'* 
It 18 rnucii more soluble iti organic li<iuids, except glyc(Mine, as the follolfing 
values of the al)sorption coefticient at 15° 0. indicate: - ^ 


Kthyl alcohol | . 7 2 

Pctrulcum . . Of) 

Toluene . . 11-7 

Clyeorine 


Amyl alcohol . 
Aniline . 

(/arbon disulphide . 


0-21 


• * 

It is less soluble in salt solutioif than in pure water, and Henry’s Law la 
followed exactly in every case.^- • 

.When subjected to an electrbial discharge, niton gives a distinct 
^(ftrum, yhich is the'same whether th^ discharge Js direct or oscillatory, 
and<%»Jlpears to be of the same chara^tertas the spectra of the other inert 
gases.^® T*iiere is, however, some evidence that tbe relative intensity of the 
, Hues may vary with the pressure. The niton spectiiiim disappears after th‘0 
discharge has been passed for three to five minutes, fiwng pla(» flrst^to 
^the primUry, and la^er to the secoiidary ‘spectrum of hydrogen. Tke source 
of this hydrogen is not definitely known, but k is vei-y probably occlude^ 


b# 1 Ramsay and Soddy, Proc. Roy. f^oc., 1903, 72 , 204. 

• J^nilay and Cameron, Trans. Ckm. Soe., 1907, 91 . 1266. 

Eutl^rford and Soddy,/Atl 1003, [vi.], 5 , ^I.# _ _•» 

^ Ofky and Ramsay, Proc. Roy. Soc.^ 1911, A, 84 , 536; also in Amu Chin,,'P%y^f 
1910, fvui,], 31 , 145, 574 . details of this extrewelv interestiiigwork tha readefli. 
^ wfjBrrea U the original^enioir.* • 
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jubtt,' Bn(i j5«»"bfr WM% 

■. Th« fiPst mtoufti*ents'were-madff 
ibSbWed'tlikt fa'Yery strong and persistent,1in«,■A;eTO% 
strong IiM'*en„by Pickerings i„ the speotrurn of -lightning.. 'SusM-^^ 
Mimerous'WCtemptk Lave been madij' to map the- spectrum^ by visgSl?^®! 
photographic methods.* Tlsoir results are snmmamed and sup^me^»g 
srtthidew tiatain a pnpcr h'y Watson,“ which should be consulted, fOT.-far^^, 

information on this point. ^ t i - 

• 'Nothing is known as to the ratio of the specific boats of “'lon,^frt^.. 
mOnatomfcUy of its molecule is to be inferred from the agreement 
tte atomic wciglit calculated on theoretical grounds .and Use moJe,oul^.l 
weight, deduced from its gaseous'density, and from tise 

of the ga.s obtainesl from a given weiglit of r.adiiim agrees with that calonlami_, 
mi the assumption that tlie molecule of niton is monatomic. 

/ ''The minute amount of emanation usually obtamedcis found to oondSnsp., 

and volatilise sharply between -l.W" and -l.fil”,!,!!! with 

it has been found possible to determine its vapour pressure at various,. 

temperature is lO-t" 5, and its critical pressure is' 62-6 ato^ f 
spheres, It Wills at , 62' and freezes at - 71', and its vapour pressure at tto . 
tetter temperature is .WO nun. When examined under tlic microscope, J-he, 
liqiud! is-seen to be colourless aud transparent; its d^nsi y is •'x • • 

4i<i_ ia opaque, but its colour cannot be seen on account of its intrinsic - 

^^Niton^is absorbed iiy cocoaniit charcoal at tlie ordinary temperature, .and. 
ia^again evolved at liiglier toiiiperatures, and this faelj,may tie utilised m US 

^''"Radioactive Change of Niton.—The property of lutnusic luminosity 
is characteristic of niton in all states o^ aggregation, and is one evidence of 
-lld.energy Changes which accom.miy iW disinlegni'.iou. Ihe 
.the' phosphorescence i< greatest i-i the solid-posMlily ‘fe 

Volume oocupied-liiit botli tlic gas and the Inpiid g ow ugly. The. 
itfMour of the light emittedV the solid varies from steel-blue at the “eltwg:, 
“pofnt to, orange-red, at lower Icmperatiircs.’-’ Heat is also given out dunhg 

tifa'disintegration of the eiiianalion; " 

- The continuous .-mission, Of energy is also shown by the sjory decom^m- 
'.tk>h of carbon dioxide, carbon monoxide, ammonia, hydroclilorio aci,d, ai^ 


f ' 'f .Rntherford. Phil, llaff. WOf fvi.], i6, 800. 

‘ w and Ctillie,/’roc.i'/Joy. 190^, 73, 4/0. , , . _ 

.-ifia. Hag., ms, [Vi.]. i6, 3fi3 ; Royfia, Phil. Mag., WO!), [vi.], i7,.202 i Proc. 
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Mford »nd Soddy, ptj. Mtig., i.wo, i.v.j, a, 

Itayand Ramsay, TVaa*. Chum,'Soi., 190s, pS/lOo. .fLaborde, 
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a fomsiy. Tnm. CUm^ Soc., 1909, 95 , 1073;. Rutherford,. 
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ttie elemeiitsfif ti* car^Ti'grou^(8iA^^i|^nl^ 
ftre,BiA>j)9ete3 to tle^action 

:^^id6'ia^^^fysyroduced. ThiBauggeste a jposibiHfcy thaff t&efe 
bf'tho.moloculoa #1 these eleinenta with foijjjatloj^f 
;Ste..h)we8t member of the#aerics.2 ffiton M’ill cause the oxiS^on 
'•^^hury, and turns ordinary white glass violet.^ v. 

nt was %t bno timefsupposecl that a change of^coppef into lit-luum ajl Of' 
^Water into neon had boon observed,^ but tlic validity of these gbservatioiK iSr 
seriously open to question.* - ^ ^ ^ ; 

• Fpr one or two days after its isolation niton undergoes a slow contractm ' 

• about one-half its original voliinie afterwards it slowly expands to abb|i^,- 
3f''!tQ 3J.times the original volume.'^ This^cliange corrosponds to a changQ'lA, 
the spectrum, tliat of niton disappearing conip]et<‘ly ajler 3-4 days, And'*: 
giving place to that of helium.® , 

' iThe cause of the contraction is obscure, hut it has been oljservo^.ift evei^V 
v^mplo hitherto prepared, and is, p<'rhaps, duo to impurities. The 
dipansion whiclj iak<'S place afterwards may be satisfactorily explained.ou..tbeL , 
hypothesis that the a-partiidcs given out during the radioactive changepf 6b#' 
niton have* such a high velocity that they are forcefl into the walU of6he; 
^^taining v(*s.sel and are only ovtdved again (piile slowly. [t*h^is been found 
that if niton is eontim^ in a glass tube the wnlls of winch have a thickhesf*'' 
leSs than the range of i^a a-partiidcs in glass, an accumulation of helium' Can 
be observed in outer space Tliis supports tlie preco<linJ explanation-of • 
the slow increase in voluino, anil further proves conclusively the identity o.f 
thio helium atom with the.a-particlc The period of half-change of nitdnMS' . 
3’-75 days.’® ^ ' • 

It may bo menLioned*hero that the evolution of helium from radium/was'' 
first proved by Uamsay and Soddy,^' and confiriiied by Himstedt and Meyer: 
the statement that the •rmliuactivo elements are elements undergoing,' 
decomposition was first mifile by (icollt-oy Martin.’® Assuming that §• 
g-fiartielea *a)e expelled during llio complijte disintejration of one atom 'pf '^ 
radiuS,' tV volume of helium produced per d?^' from I gram of r«d;uni 
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vr'v«.-Av.v= ■^.■: 

4<mld5fee O-4S0 cu. 

-amount tow^iVen figures in g«od' ag^ment, with this mttlti.i^--8*'!9,.1|Rf 


-ttmount na>io*g»Yeu ngwrw «u v \ ’iV 

its production during many other radiSaotive changes ^ 

' The whole matter is one of great interest and impoi^ce. A 
-been possiMe lo give a mere outline of the«chief facts fie^, Apd the 
whsS^’flirthei^ information is referred to Soddy ^Ae « 

ftadioaetive Moments (Longmans & Co 912), and tte 
a^vity in }he AnnM Se^tt of tlie Chemical Soctsty, especially vol. yil. ^ 

(1909), pp. 9?2 et mi 


caloulattd: k« Soddy, I'hU. Hag., 19«8, [vi.], id, SU ; TkyM AM,., 1909, lo, 41. 



